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Abstract 

 

Vibrio cholerae is a Gram-negative bacterial species that consists of over 200 

serogroups with differing pathogenic potential. Only O1 serogroup strains have been 

associated with the pandemic spread of cholera, a disease characterized by watery 

diarrhoea that can lead to severe dehydration and death. The current 7th cholera 

pandemic is still ongoing and follows six pandemics recorded during the 18th and 19th 

centuries. O1 serogroup strains make use of the main virulence factors – toxin 

coregulated pilus and cholera toxin – to colonize the small intestine of the human host 

and induce watery diarrhoea. Although strains not belonging to the O1 or O139 

serogroups lack or do not effectively make use of these virulence factors, strains like the 

O37 serogroup strain V52 or the O39 serogroup strain AM-19226 can cause local 

outbreaks and cholera-like symptoms characterized by a mild form of diarrhoea. All V. 

cholerae strains sequenced to date harbour genes for the type VI secretion system 

(T6SS), a molecular puncturing device with homology to the tail-spike complex of the T4 

bacteriophage that allows translocation of effectors into neighbouring eukaryotic and 

prokaryotic cells. Translocated effectors are toxic unless the target cell produces an 

immunity protein against the cognate effector. Proteins of the T6SS are encoded in three 

gene clusters on the large and small chromosome of V. cholerae. The T6SS of pandemic 

strains is activated in vivo during infection. V. cholerae employs its T6SS to kill other 

prokaryotic cells using effectors with peptidoglycan-degrading, pore-forming, and lipase 

activities. The T6SS also confers virulence toward eukaryotic phagocytic cells such as 

amoebae and macrophages. An effector with an actin-crosslinking domain is toxic to 

eukaryotic cells. 



iii 
 

The T6SS is differentially regulated among V. cholerae strains. The O37 

serogroup strain V52 has an active T6SS under laboratory conditions. The O1 serogroup 

strain C6706 represses its T6SS under laboratory conditions and depends on inducing 

signals like mucin to activate the secretion system. Immunity protein-encoding genes are 

differentially regulated than the remaining genes of the T6SS gene clusters and are 

expressed under laboratory conditions in the O1 serogroup strain C6706. As a result, 

pandemic V. cholerae O1 serogroup strain C6706 is immune to a T6SS-mediated attack 

by the O37 serogroup strain V52. Three immunity proteins TsiV1, TsiV2 and TsiV3 

protect from the cognate T6SS effectors TseL, VasX and VgrG-3, respectively. 

Characterization of environmental V. cholerae strains isolated from the Rio 

Grande Delta revealed intraspecific competition of V. cholerae such that V. cholerae 

strains kill each other in a T6SS-dependent and -independent manner. Bioinformatics 

analyses of 37 V. cholerae strains indicated that effector and immunity protein-encoding 

genes encoded within otherwise conserved gene clusters differ widely among V. cholerae 

strains. Effector modules were defined that contain effector and immunity protein-

encoding genes which are likely exchanged between V. cholerae strains. The set of 

effector modules determines the compatibility group of a V. cholerae strain. Strains of the 

same compatibility group are able to coexist in direct contact and do not kill each other in 

a T6SS-dependent manner, because immunity proteins protect from cognate effectors. 

Strains of different compatibility groups kill each other in a T6SS-dependent manner 

because of the inability of the immunity proteins to protect from the effectors. All 

analyzed pandemic strains can be assigned to a single compatibility group and are thus 

expected to coexist among each other but not with nonpandemic strains. Further analysis 
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of pandemic strains revealed that strains responsible for the sixth and likely also for 

preceding pandemics are weak microbial competitors.  

The bioinformatics analysis of V. cholerae strains also revealed diverse T6SS 

effectors. A chimeric adaptor protein was identified and characterized that mediates the 

translocation of diverse effectors of the T6SS encoded in modules. After T6SS-mediated 

effector export is completed, Tap-1 is retained in the bacterial cell to load other T6SS 

machines. 

The presented work advances our understanding of the diversity of T6SS effector 

and immunity proteins among V. cholerae strains, and proposes a model for the 

translocation of diverse effectors via adaptor proteins. The T6SS effector module sets 

could be targeted as a biomarker for pandemic strain identification for epidemic risk 

assessment. Classification of the V. cholerae strains based on effector module sets may 

affect future outbreak management, diagnostics, and therapeutic approaches. 
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T6SS Type VI secretion system 

T7SS Type VII secretion system 
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TA Toxin/anti-toxin 

Tap Type VI secretion system adaptor protein 

TCP Toxin co-regulated pilus 

TsiV Type VI secretion system immunity of Vibrio cholerae 

Vas Virulence-associated secretion 

VgrG Valine glycine repeat protein G 

VPI Vibrio pathogenicity island 

X-Gal 5-bromo-4-chloro-3-indolyl-#-D-galactopyranoside 
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1 Introduction 

1.1  The marine bacterium Vibrio cholerae and the disease cholera 

The Gram-negative bacterium V. cholerae is diverse with over 200 serogroups. 

Two serogroup strains, O1 and O139, are associated with cholera, a disease characterized 

by watery diarrhoea and severe dehydration. This section summarizes the hallmarks of 

the disease cholera and introduces the pathogenic characteristics of V. cholerae. 

 

1.1.1 Vibrio cholerae is abundant in the marine environment 

Vibrio cholerae belongs to the genus of Vibrionaceae. Among the five classes 

within the phylum proteobacteria, V. cholerae belongs to the gammaproteobacteria. As 

such, it has the shape of a curved rod and exhibits a polar flagellum. V. cholerae has been 

isolated from marine environmental samples on multiple continents. Strain 623-39 from 

Asia was isolated in Bangladesh in 2002, a European strain VL426 was isolated in 

Germany, strain BX330286 was isolated in Australia in 1986, the North American strain 

2740-80 was isolated in the USA in 1980, and the South American strain 1587 was 

isolated in Peru in 1994. 

In the marine environment, V. cholerae is associated with zooplankton and 

phytoplankton on which it forms biofilms (Rawlings et al., 2007; Tamplin et al., 1990). 

In such biofilms, bacteria can use chitin (a derivative of glucose) as a single carbon 

source. As discussed in chapter 7.3 of this thesis, chitin also renders V. cholerae naturally 

competent and activates the type VI secretion system of V. cholerae (Borgeaud et al., 

2015). In the environment, V. cholerae can enter a condition described as viable but 

nonculturable (VBNC) or active but nonculturable (ABNC) (Colwell, 2000; Kell et al., 

1998; Xu et al., 1982). Bacteria in this state cannot be cultured despite being 

metabolically active (Colwell, 2000). 

Both phenotype and the genotype diversity can be observed in V. cholerae strains. 

Phenotypically, V. cholerae strains can be divided into more than 200 serogroups based 

on their surface O-antigen. Whole genome analysis revealed differences between the 

genomes of individual strains (Chun et al., 2009). Chun and colleagues compared the 

genomes of 23 V. cholerae strains from 12 different serogroups; 2,432 genes were 



3 
 

present in all analyzed genomes. This number corresponds to 69.7% of the genes on the 

large chromosome and 59.9% of the genes on the small chromosome of the O1 serogroup 

strain N16961 (Chun et al., 2009). All remaining genes were absent or replaced by 

different genes in the genomes of other strains. Some of the genes that are not found in 

the genomes of all V. cholerae strains encode virulence factors. Only O1 serogroup 

strains have been associated with pandemic cholera.  

 

1.1.2 The epidemiology of pandemic cholera 

The identification and characterization of the bacterium V. cholerae is tightly 

connected to the disease it causes, which has killed millions of people worldwide since its 

global spread in the 19th century. 

The cause of cholera was unknown until John Snow and Henry Whitehead 

conducted studies on the source of a cholera outbreak in London in 1854 (Newsom, 

2006). Based on their observation on the spread of the disease and the association of 

cholera cases with contaminated water wells, Snow and Whitehead suggested that cholera 

is a water-borne disease transmitted by the fecal-oral route. The first to identify the 

bacterium V. cholerae in the stool of cholera patients was the Italian medical student 

Filippo Paccini in 1854 (Pacini, 1854). Robert Koch then isolated V. cholerae from 

patients in Egypt in 1883 and in India in 1884 (Koch, 1894). Recent advances in the 

ability to sequence the whole genome of V. cholerae strains have facilitated the analysis 

of the diversity within the species. Sequencing of ancient DNA sequences from 

conserved intestines of cholera patients has enabled us to determine the genome of V. 

cholerae strains we cannot culture any more. A recent example is the genome sequence 

of the 2nd pandemic strain PA1849 from an outbreak in Philadelphia in 1849 (Devault et 

al., 2014).  

Most of what we know about pandemic V. cholerae strains that belong to the O1 

or O139 serogroup is derived from strains of the sixth and seventh pandemic. The first of 

six pandemics, which all originated on the Indian subcontinent, lasted from 1817 to 1823 

(Kamal, 1974; Pollitzer, 1959a). In previous years cholera had been endemic in the lower 

Ganges Delta, where pilgrim travel, an increasing shipping trade, and army movements 
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likely contributed to the first pandemic throughout India, eventually spreading the disease 

to China, Japan, and the Persian Gulf (Hays, 2005). The second pandemic, 1829–1851, 

was the first pandemic to reach North America. Immigrants travelling on ships from 

Ireland to Montreal, Canada, brought cholera, and the disease spread south to New York, 

Philadelphia, Baltimore, and Washington (Chambers, 1938a, b). The third pandemic, 

1852–1859, was studied by John Snow and Henry Whitehead in England. In North 

America, settlers moved west, and so did cholera. At the beginning of the fourth 

pandemic, 1863–1879, cholera reached New Orleans and cities along the Mississippi and 

Ohio rivers (Billings J.S., 1975). During the fifth pandemic, 1881–1896, Robert Koch 

published his observations of the motile cholera bacterium (Koch, 1894). This pandemic 

also affected the South American countries Argentina, Chile, and Peru (Laval, 1989). The 

sixth pandemic occurred between 1899 and 1923 and, like the previous cholera 

pandemics, was probably caused by strains of the classical biotype (Barua, 1992). This 

pandemic heavily affected populations in the Middle East and on the Balkan peninsula 

(Pollitzer, 1959a). The seventh pandemic arose in Indonesia in 1961 and is caused by El 

Tor biotype strains. The name of the biotype is derived from the city El Tor in Egypt, 

where the first isolate of this biotype was described in 1905. O1 serogroup strains of the 

classical and El Tor biotypes are subdivided into three serotypes—Ogawa, Inaba, and 

Hikojima—based on the surface antigens. The Hikojima seroypte is very rare (Sakazaki 

and Tamura, 1971). Strains of the Ogawa serotype express the surface antigens A and B, 

strains of the Inaba serotype possess the antigens A and C, and strains of the Hikojima 

serotype possess antigens A, B, and C (Burrows et al., 1946). The B antigen contains a 

methyl group on the terminal sugar of the O-antigen, the C antigen does not (Villeneuve 

et al., 2000). A combination of core and O-antigen polysaccharides forms the A antigen 

(Villeneuve et al., 1999). V. cholerae of the O139 serogroup emerged in the Bay of 

Bengal in India around 1992–1993 (Faruque et al., 2003b). These virulent strains likely 

emerged through horizontal gene transfer between O1 and O139 serogroup strains (Bik et 

al., 1995). Because of the rapid spread of O139 strains into Thailand, Malaysia, Pakistan, 

and Nepal, O139 serogroup strains were temporarily called the 8th pandemic (Swerdlow 

and Ries, 1993). However, this outbreak remained endemic. 
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Strains of the classical and El Tor biotypes differ in their phenotype, genotype, 

and virulence potential. Tests have been developed to differentiate classical from El Tor 

strains based on their sensitivity to lytic phages and their ability to haemolyse 

erythrocytes. Classical strains are lysed by classical type IV bacteriophage. El Tor strains 

haemolyse sheep erythrocytes (Kaper et al., 1995). Bioinformatics analyses suggest that 

strains of the El Tor and classical biotype are derived from the same common ancestor, 

although their genomes differ. Classical biotype strains cause more severe disease 

symptoms than El Tor strains in humans, likely because the former produce higher levels 

of cholera toxin (Gangarosa, 1974). The reason for this might be in the different alleles of 

ctxB they encode or in the different regulation of their virulence factors (Jonson, 1990; 

Kaper et al., 1995). Recently, hybrid strains emerged that are similar to strains of the El 

Tor biotype but encode the ctx allele of classical strains (Safa et al., 2010). Because the 

classical ctx allele causes more sever disease symptoms, these hybrid El Tor strains are 

more virulent than their wild-type El Tor counterparts.  

How classical strains got replaced by El Tor strains in causing pandemic cholera 

remains to be determined. Classical biotype strains are still sporadically isolated from the 

environment. The El Tor biotype strains originate from the Bay of Bengal and 

disseminated in the second half of the 20th century world-wide in at least three 

independent but overlapping waves (Mutreja et al., 2011). Mutreja and colleagues 

performed extensive phylogenetics analyses based on whole genome sequences of 154 V. 

cholerae strains to further characterize the origin and dissemination of the 7th pandemic 

(Mutreja et al., 2011). Only the first of the three waves spread to South America after 

passing Africa between 1981 and 1985 (Mutreja et al., 2011). Strains that spread from 

Africa to South America differ from all other analyzed strains by the acquisition of the 

genomic islands VSP-2 and WASA1 (Mutreja et al., 2011; O'Shea et al., 2004). The 

functions of the proteins encoded in genes on these islands need to be further elucidated. 

In addition to Africa, V. cholerae of this first wave spread throughout Asia and Europe. 

V. cholerae strains of the second (1990–2002) and third (1989 to the present) waves 

differ from the strains of the first wave by the acquisition of the integrative and 

conjugative element SXT/R391 that carries antibiotic resistance (Carraro and Burrus, 

2014; Mutreja et al., 2011). Waves 2 and 3 are more geographically restricted than the 
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first wave; with the exception of Haiti, epidemics have been restricted to Africa and 

South Asia since 2003. 

In 2010, a cholera outbreak in Haiti resulted in close to 700,000 cholera cases and 

over 8,000 deaths after the introduction of pandemic cholera by a soldier from Nepal who 

was dispatched to the island in response to an earthquake (Orata et al., 2014). V. cholerae 

is now endemic in Haiti. The most recent outbreak reported by the World Health 

Organization (WHO) was in South Sudan early in 2014 (WHO, 2014a).  

 

1.1.3 The disease cholera is characterized by watery diarrhoea 

Cholera patients acquire V. cholerae through the uptake of contaminated water or 

food and show symptoms of watery diarrhoea of up to 1 litre per hour which results in 

severe dehydration and can lead to death. When left untreated, the mortality rate of 

cholera is 50% (WHO, 2010). Standard treatment is rehydration therapy. The World 

Health Organization (WHO) recommended a solution of sodium, potassium, chloride, 

citrate, and glucose to rehydrate patients and to accommodate for electrolyte loss (WHO, 

2006). These oral rehydration solutions successfully treat up to 80% of patients (WHO, 

2008). In severe cases, antibiotics can be administered. This treatment option is limited 

by an increasing number of antibiotic-resistant strains isolated over the last years 

(Faruque et al., 2006; Kim et al., 2010; Kitaoka et al., 2011b).  

Cholera vaccines are one approach to protect people at risk. The human immune 

system has the potential to protect from cholera, as indicated by a study on healthy 

volunteers that developed a three year protective immune response (Cash et al., 1974a; 

Levine et al., 1981; Levine et al., 1979). Lipopolysaccharide (LPS) of V. cholerae 

induces an innate and humoral immune response in infected individuals (Finkelstein, 

1962; Flach et al., 2007; Neoh and Rowley, 1970). The response of the adaptive immune 

system is primarily mediated by B-cells and to a small extent by T-cells. This imbalanced 

response might be one reason for the relatively short duration of three years of the 

protective immune response (Harris et al., 2009). Because the LPS O-antigen varies 

between V. cholerae serotypes Inaba, Ogawa, and Hikojima (see section 1.2 of this 

chapter for details), immunity to one serotype was found to be only partially protective to 
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other serotypes (Cash et al., 1974a; McCormack et al., 1969). Also, patients with 

different blood groups differed in the strength of the immune response, those with the 

blood group 0 having the weakest immune response (Clemens et al., 1989; Harris et al., 

2005; Provenzano et al., 2006). During the last 50 years, cholera vaccines containing 

live-attenuated bacteria and whole-cell killed bacteria were developed (Bishop and 

Camilli, 2011). A vaccine containing whole-cell killed bacteria administered orally in a 

volunteer study induced a three-year long protection, similar to an infection by wild-type 

bacteria with an efficacy of 50% (Clemens et al., 1990). A live attenuated vaccine in 

which the pathogen was live but its virulence was attenuated, was developed based on the 

classical O1 Inaba strain O569B. Most of the ctxA was deleted in this strain. A 

comparison of the immune response of vaccinated individuals to the immune response of 

previously infected individuals revealed that the vaccination was less robust than the 

natural infection (Levine et al., 1988a). A major challenge for future developments is a 

vaccine that induces a protective immune response in children (Bishop and Camilli, 

2011). 

The best prevention of cholera spread remains safe drinking water and adequate 

sanitation. In areas without access to clean water, inexpensive methods such as water 

filtration to eliminate plankton-associated V. cholerae bacteria have been shown to be 

effective and to reduce the number of bacteria by 99% (Huq et al., 1996). Despite these 

straightforward measures to contain V. cholerae, up to 5 million cholera cases and up to 

120,000 deaths due to cholera around the globe annually are estimated (WHO, 2014c).  

 

1.1.4 Virulence factors of V. cholerae and the pathophysiology of cholera  

Once V. cholerae is taken up orally, many bacteria succumb to the low pH in the 

stomach. A study in which increasing doses of V. cholerae were administered to prison 

inmates showed that the infectious dose dropped from 1011 to 106 bacteria when the 

stomach acid was neutralized with sodium bicarbonate (Cash et al., 1974b). Merrell and 

colleagues identified genes required for the acid tolerance response of V. cholerae 

(Merrell et al., 2002b). Mutants with transposon insertions in these genes were identified 

as part of a signature tagged mutagenesis screen for colonization–deficient mutants in the 
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infant mouse. In mice infected with mutants of ghsB, hepA, or recO, which are implicated 

in the acid tolerance response, 1000 fold fewer bacteria were recovered after a 24 hour 

infection compared to infection with the wild-type strain N16961 (Merrell et al., 2002b). 

V. cholerae exposed to acid prior to infection of the infant mouse outcompeted untreated 

bacteria (Merrell and Camilli, 1999).  

On reaching the small intestine, V. cholerae makes use of its two main virulence 

factors, toxin coregulated pilus (Tcp) and cholera toxin (CT), to colonize the small 

intestine and induce water efflux. Taylor and colleagues identified a transposon V. 

cholerae mutant with dysfunctional tcp that colonized the infant mouse at reduced rates 

(Taylor et al., 1987). The toxin coregulated pilus (Tcp) belongs to the family of type IV 

pili and requires at least 15 proteins for its assembly and function (Iredell and Manning, 

1994). The locus that contains the tcp genes is referred to as Vibrio pathogenicity island 

1. This island differs from the remaining chromosome in its GC content, contains 

integrase- and transposase-encoding genes, and is flanked by att sites (Karaolis et al., 

1999). These are indications of its acquisition by horizontal gene transfer, possibly by a 

bacteriophage (Karaolis et al., 1999), but questioned by Faruque and colleagues (Faruque 

et al., 2003c). Tcp might facilitate the attachment of V. cholerae bacteria to each other to 

form microcolonies (Kirn et al., 2000) and to the epithelium (Krebs and Taylor, 2011). In 

addition, Tcp acts as a receptor for the CTX phage that provides pandemic strains with 

ctxAB, the genes encoding cholera toxin (Waldor and Mekalanos, 1996). Subsequently, 

phage transduction requires conditions under which V. cholerae expresses Tcp, such as 

the in vivo environment of the intestine during infection. In infant mice intragastrically 

infected with a donor strain, which contains a kanamycin-marked CTX phage and the 7th 

pandemic strain Bah-2, 0.5% of Bah-2 that was recovered from the intestine after 24 

hours was transduced (Waldor and Mekalanos, 1996). Phages like the CTX phage can 

contribute to the virulence of V. cholerae by equipping the bacterium with virulence 

factors. However, phages can also interfere with the virulence of V. cholerae as shown 

for the lytic phage ICP2 which selects in vivo for resistant V. cholerae mutants (Seed et 

al., 2014). Kim Seed and colleagues observed mutations in the outer membrane protein 

OmpU and ToxR, a regulator of OmpU, and virulence factors (as described in detail later 

in this section), among V. cholerae isolates resistant to the phage ICP2. In rabbits 
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inoculated with phage and equal amounts of phage-sensitive wild-type V. cholerae and 

phage-resistant mutant, the phage-resistant mutant was recovered at 10,000 fold higher 

numbers than the wild-type strain (Seed et al., 2014), indicating that the phage selects for 

resistant bacteria in vivo. In an animal experiment, phage-resistant toxR mutants 

colonized the small intestine of an infant mouse at 100 to 1000 fold fewer numbers than 

wild-type bacteria (Seed et al., 2014). This result indicates that resistance to phage might 

come at a cost of attenuated virulence.  

Cholera toxin consists of two subunits, CtxA and CtxB (Sixma et al., 1992). On 

release of the two proteins by the type II secretion system (Sandkvist et al., 2000), CtxB 

interacts with GM1 gangliosides on eukaryotic cells and mediates the uptake of CtxA 

into the cell (King and Van Heyningen, 1973). CtxA transfers an ADP-ribose moiety and 

NAD to the alpha-subunit of the Gs protein (Gill and King, 1975). The thereby ADP-

ribosylated alpha subunit subsequently activates adenylate cyclase (Cassel and Selinger, 

1977; Kahn and Gilman, 1984). Increased levels of cAMP result in less sodium uptake 

and increased chloride efflux through the CFTR channel, which is activated by protein 

kinase A (Cassel and Pfeuffer, 1978; Gill and Meren, 1978). This imbalance of ions 

results in an osmotic gradient that promotes water efflux into the intestinal lumen and 

results in watery diarrhoea, the characteristic symptom of cholera. 

Tcp and Ctx are regulated by the ToxR regulon. ToxR is a transmembrane protein 

and directly controls expression of ctxAB (Miller et al., 1987). The activity of ToxR on 

the promoter of ctxAB was identified in a screen based on an E. coli strain with a 

transcriptional fusion of the promoter of ctxAB to lacZ. A genomic library of V. cholerae 

was transformed into this E. coli strain, which turned blue in the presence of toxR when 

grown on X-Gal (Miller and Mekalanos, 1984). ToxS is required to stabilize ToxR, 

which dimerizes upon activation by external stimuli (DiRita and Mekalanos, 1991). ToxR 

also induces expression of ToxT, another member of the ToxR regulon and an AraC-like 

transcriptional activator (Higgins et al., 1992). ToxT also induces expression of ctxAB 

and additionally activates Tcp. The gene toxT is encoded downstream of the genes that 

encode proteins of the toxin coregulated pilus (Higgins et al., 1992). A fine-tuned 

response to the intestinal microenvironment likely enables V. cholerae to produce Tcp 

early during infection and later cholera toxin and Tcp in close proximity to the epithelium 
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in the intestinal crypts (Lee et al., 1999; Nielsen et al., 2010). Bile is present at high 

concentrations in the intestinal lumen and decreases expression of tcp and ctxAB (Gupta 

and Chowdhury, 1997; Schuhmacher and Klose, 1999). Bicarbonate is present at 

increasing concentrations close to the epithelium and induces the expression of tcp and 

ctxAB (Abuaita and Withey, 2009; Dietz and Field, 1973). In the laboratory, classical 

biotype V. cholerae strains express Tcp and CT when grown in LB at pH 6.5, 30 ºC; the 

El Tor biotype strains are grown in AKI media in standing and afterwards shaking culture 

(Gardel and Mekalanos, 1996; Iwanaga et al., 1986).    

The role of TCP and CTX as main virulence factors is supported by the results of 

a study on human volunteers, which reports a colonization defect of a V. cholerae strain 

deficient in tcpA and attenuated disease symptoms of a strain deficient in ctxA 

(Herrington et al., 1988). V. cholerae gets flushed out of the body in the watery diarrhoea 

of the infected individual, and as it permeates the environment it is transmitted to new 

hosts via the fecal-oral route. In the environment, genes that were important during 

infection become less important and genes important for fitness in the environment are 

activated (Kamp et al., 2013). 

When exiting the human host, V. cholerae is in a transient and reversible 

hyperinfectious state. V. cholerae from the stool of cholera patients outcompeted V. 

cholerae grown in vitro or in pond water by up to 100 fold (Merrell et al., 2002a). The 

hyperinfectious state is characterized by high levels of motility and nutrient acquisition. 

Pond water enhances the infectivity of V. cholerae, as shown by the following 

experiment of Nelson and colleagues. V. cholerae incubated in pond water for 5 hours 

had a 20 fold lower infectious dose than V. cholerae not incubated in pond water in 

intragastrically infected infant mice (Nelson et al., 2008). In the environment, V. cholerae 

can enter a viable but not culturable state but remains infective. A study on human 

volunteers suggests that viable but nonculturable V. cholerae are capable of colonizing 

the intestine and inducing diarrhoea (Colwell et al., 1996).  

V. cholerae strains in which ctx was deleted for experimental purposes or non-

O1/non-O139 strains that naturally do not contain CTX still induce watery diarrhoea, but 

at 20 times lower volumes than cholera toxin positive strains (Levine et al., 1988b; 

Pollitzer, 1959b). This effect has been attributed to additional toxins of V. cholerae such 
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as HlyA, RtxA, and HapA that also contribute to prolonged colonization in the infant 

mouse (Olivier et al., 2007). HlyA is a cytotoxic haemolysin that causes fluid 

accumulation in the ligated rabbit illeal loop (Ichinose et al., 1987). RtxA contains 

multiple domains with antieukaryotic activity (Prochazkova et al., 2009). One of them is 

an actin-crosslinking domain (ACD) that mediates cell rounding of epithelial cells 

(Sheahan et al., 2004). HapA is a zinc-metalloprotease that disturbs the integrity of a 

eukaryotic cell layer and causes bloody diarrhoea (Hase and Finkelstein, 1991; Wu et al., 

1996). Thus, V. cholerae employs a variety of toxins which are detrimental to the host 

during infection. 

Another factor that contributes to V. cholerae virulence is motility (Guentzel and 

Berry, 1975). Mutants deficient in the flagellum or the flagellar motor protein were 

outcompeted ~ 10 fold in the infant mouse by wild-type strains (Lee et al., 2001). 

Mutants able to rotate the flagellum only counter-clockwise and thus swim straight 

outcompeted mutants able to rotate the flagellum only counterclockwise and thus swim in 

zig-zag directions (Butler and Camilli, 2004). The role of motility has been implicated in 

V. cholerae penetration of the mucus layer, contact with the epithelium, and putatively in 

detachment during shedding upon multiplication (Mekalanos, 1995). Recent findings by 

Millet and colleagues indicated that motility is required for colonization of the proximal 

and medial part but not the distal part of the mouse intestine (Millet et al., 2014). V. 

cholerae bacteria in rice water stool (a watery stool containing white flecks of mucus, 

epithelial cells, and bacteria) are highly mobile, although nonchemotactic (Merrell et al., 

2002a). Motility is one feature of the transient hyperinfectious state V. cholerae bacteria 

are in once they exit the host (Merrell et al., 2002a). Chemotaxis itself reduces infectivity 

(Fu et al., 2013) and is likely more important for V. cholerae in the environment (Kamp 

et al., 2013). 

Individual virulence factors are tightly regulated and activated in a coordinated 

manner during infection. One trigger of virulence gene expression is cell density which is 

detected by the quorum sensing system. High concentrations of the autoinducers CAI-1 

and AI-2 indicate high cell density and mediate the dephosphorylation of LuxO (Ng and 

Bassler, 2009). Subsequent repression of HapR results in a repression of virulence factor 

production (Zhu et al., 2002).  
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1.2 Bacterial secretion systems 

At least four different secretion systems have been described in V. cholerae. One 

of them is the type II secretion system (T2SS) which is used to secrete cholera toxin into 

the extracellular space (Figure 1-1) (Reichow et al., 2010). The type III secretion system 

(T3SS) is found only in selected V. cholerae strains. One of the strains with a T3SS is the 

O39 serogroup strain AM-19226, which does not have tcp or ctx and requires its 

secretion system to colonize the small intestine of infant mice (Chaand et al., 2015; 

Dziejman et al., 2005; Shin et al., 2011; Tam et al., 2007). V. cholerae strains with Tcp 

can use this type IV pilus to secrete TcpF (Megli et al., 2011). Mutants of the V. cholerae 

strain O395 deficient in tcpF are recovered from the small intestine of infected infant 

mice at 1,000 fold lower numbers than wild-type O395 (Megli et al., 2011). The activity 

of TcpF remains to be determined. The gene cluster of the type VI secretion system is 

found in all sequenced V. cholerae strains to date (Zinnaka and Carpenter, 1972) and is 

the subject of this thesis. Its role in V. cholerae is discussed in detail in section 1.5. In this 

section I review common features of bacterial secretion systems found among Gram-

negative bacteria and point out differences among them. I divide the secretion systems 

into two groups, those that span the inner and outer cell membrane, and those that span 

only the inner or outer cell membrane. Gram-positive bacteria only have one cell 

membrane but must cross an outer cell wall to transport proteins into the extracellular 

space (Abdallah et al., 2007). A type VII secretion system is used by various Gram-

positive bacteria to transport proteins into the extracellular space. Among these bacterial 

species is Mycobacterium tuberculosis and the T7SS is associated with its virulence 

(Guinn et al., 2004; Stanley et al., 2003).  
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Figure 1-1 Type II, III, and VI secretion systems of V. cholerae. 
(A) Graphical depiction of type II, III, and VI bacterial secretion systems. Reprinted by 
permission from Macmillan Publishers Ltd: Nature Reviews Microbiology, (Costa et al., 
2015) copyright 2015. (B) Graphical depiction of a V. cholerae bacterium. Proteins 
transported by the individual secretion systems are indicated with purple stars, green 
circles, and red triangles. Substrates of the T2SS and T3SS are translocated through an 
established secretion system whereas T6SS effectors are located at the tip of the inner 
tube (1.) and ejected upon extension (2.) and contraction (3.) of the outer sheath. CT = 
cholera toxin. 

1.2.1 Bacterial secretion systems and transporters for transport across one membrane 

Proteins spanning the bacterial inner membrane transport proteins across the inner 

membrane into the periplasm. These proteins might remain in the periplasm, outer 

membrane  
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membrane or be delivered into the extracellular space via type II or type V secretion 

systems in a second step. 

The Sec pathway transports unfolded proteins posttranslationally across the inner 

bacterial membrane (Lycklama and Driessen, 2012). SecB recognizes a newly translated 

protein by its N-terminal signal sequence of 5–30 hydrophobic amino acids and delivers 

the protein together with SecA to the SecYEG transmembrane complex (Papanikou et al., 

2007). During the subsequent translocation of the protein substrate into the periplasm, the 

leader sequence is cleaved off (Paetzel et al., 2002). SecA catalyzes the ATP-dependent 

translocation (Karamanou et al., 1999). 

The Tat pathway transports proteins that are folded in the cytoplasm across the 

inner bacterial membrane (Palmer and Berks, 2012). The Tat signal sequence consists of 

a twin-arginine consensus motif SRRxFLK (Muller, 2005). The protein complex TatBC 

recognizes this signal sequence of cytoplasmic proteins and recruits TatA to the complex 

(Patel et al., 2014). A conformational change of the Tat protein complex triggered by a 

proton transfer across the inner membrane translocates the substrate protein into the 

periplasm (Cline et al., 1992). The signal sequence is cleaved off during translocation 

(Frobel et al., 2012).   

Proteins delivered into the periplasm via the Sec pathway can further be delivered 

into the extracellular space via the T5SS. Proteins transported by this system usually 

contain multiple domains and are referred to as autotransporters (Leo et al., 2012). One 

domain of the protein forms a beta-barrel through which it can translocate its remaining 

domains into the extracellular space. An example of a protein secreted via this 

mechanism is CdiA of E. coli (Aoki et al., 2005) which is involved in bacteria-bacteria 

interactions and is discussed more in detail in section 1.3. 

The T2SS consists of 12–15 proteins and transports folded proteins from the 

periplasm into the extracellular space (Korotkov et al., 2012). Previous to T2SS-mediated 

export, proteins are transported into the periplasm via the Sec or Tat pathway 

(Nivaskumar and Francetic, 2014). Export through the T2SS requires ATP and might 

require a pseudopilus that remains in the periplasm (Gray et al., 2011). An example of a 

protein transported by the T2SS of V. cholerae is cholera toxin (Sandkvist et al., 2000). 
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1.2.2 Secretion systems for transport across two membranes 

Secretion systems spanning the inner and the outer membranes include the type I, 

III, IV, and VI secretion systems (Costa et al., 2015). These systems all transport 

substrates from the cytoplasm directly into the extracellular space or into target cells in 

one step. (Rego et al., 2010). Substrates transported by these secretion systems are DNA, 

proteins, or both (Alvarez-Martinez and Christie, 2009; Costa et al., 2015). 

The type I secretion system consists of three main components, one in the inner 

membrane, one in the outer membrane, and one spanning the periplasm (Kanonenberg et 

al., 2013). The component in the inner membrane is a transporter with an ATP-binding 

cassette that recognizes a repetitive GGxGxD motif in the C-terminus of protein 

substrates and mediates their translocation into the extracellular space in an ATP-

dependent manner (Hollenstein et al., 2007; Jardetzky, 1966; Jones et al., 2009; Welch, 

2001). Examples of proteins secreted by the T1SS are the iron-scavenging protein HasA 

of Serratia marcescens and the pore-forming toxin HlyA of Escheria coli which are 

involved in nutrient acquisition and virulence, respectively (Kanonenberg et al., 2013). 

The structure and organization of the T3SS share similarities with the flagellum 

(Blocker et al., 2003; Desvaux et al., 2006). The whole complex spans both membranes 

and consists of more than 20 proteins. Chaperones in the bacterial cytoplasm deliver 

proteins to the secretion system, where a sorting platform organizes their transport 

directly into eukaryotic cells (Lara-Tejero et al., 2011). T3SS effector proteins like YopE 

and YopH of Yersinia pestis are often associated with host invasion and colonization 

(Sample et al., 1987).  

The T4SS is found in Gram-negative and Gram-positive bacteria (Alvarez-

Martinez and Christie, 2009). This system differs from other secretion systems by its 

ability to transport DNA in addition to proteins (Bradley, 1980; Durrenberger et al., 

1991). Translocation by the T4SS is ATP-dependent (Trokter et al., 2014). An example 

of a T4SS is the Ti system of Agrobacterium tumefaciens which mediates the transport of 

DNA and proteins into plant cells (Alvarez-Martinez and Christie, 2009). 

The T6SS contains a molecular puncturing device to translocate proteins into the 

extracellular space and into the cytoplasm of neighbouring eukaryotic and prokaryotic 

cells (MacIntyre et al., 2010; Pukatzki et al., 2007; Pukatzki et al., 2006). A contractile 
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sheath surrounds an inner tube with effector proteins situated at the tip (Basler et al., 

2012; Zoued et al., 2014). ATP is required for disassembly of the complex after secretion 

(Pietrosiuk et al., 2011). Examples of proteins transported by the T6SS are VgrG-1 and 

VgrG-3 of V. cholerae that have antieukaryotic activity and antiprokaryotic activity, 

respectively (Brooks et al., 2013; Pukatzki et al., 2007). The T6SS is described in more 

depth in section 1.4. 

Taken together, bacteria employ a variety of secretion systems that differ in their 

secretion machinery and translocate diverse substrates across inner and outer membranes. 

 

1.3 Concept and mechanisms of microbial competition  

Bacteria live in a competitive environment and employ a range of mechanisms to 

compete with neighbouring prokaryotic and eukaryotic cells by directly harming them. 

Here, I introduce the concept of microbial competition and discuss contact-independent 

and contact-dependent forms of bacterial competition. 

 

1.3.1 Concept of microbial competition 

Bacteria live in diverse environments. Prokaryotic cells are part of an ecosystem 

that contains a large variety of bacteria, eukaryotic cells, and bacteriophages. Although a 

genetically diverse group of bacteria is thought to be better prepared for changes, bacteria 

have evolved selfish mechanisms, such as the T6SS, which work to limit diversity. 

Lytic bacteriophages infect bacteria to replicate and induce cell lysis to spread 

their progeny (Madigan and Martinko, 2006). Temperate phages cause cell lysis in a lytic 

cycle but also coexist with their bacterial host in a lysogenic cycle (Madigan and 

Martinko, 2006). The temperate phage genome can be inserted into the bacterial 

chromosome as prophage. The prophage replicates with the bacterial chromosome. Viral 

genes are not expressed, unless the phage enters a lytic cycle upon an inducing signal. 

Bacteriophages impact bacterial populations, for example, V. cholerae epidemics have 

been shown to correlate inversely with the prevalence of lytic vibriophages (Faruque et 

al., 2005). During infection, intrapatient V. cholerae populations likely undergo multiple, 

independent rounds of selection through phages (Seed et al., 2014). To counteract phages, 
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V. cholerae modifies the surface antigens required for cell entry of the virus and contains 

a phage-inducible chromosomal island-like element (PLE) that interferes with phage 

infection through an unknown mechanism (Seed et al., 2012; Seed et al., 2013). Kim 

Seed and colleagues described a CRISPR/Cas system (clustered, regularly interspaced 

short palindromic repeats/CRISPR-associated proteins) in the V. cholerae-specific lytic 

phage ICP1 that allows the virus to interfere with the PLE. CRISPR/Cas systems consist 

of cas genes and a varying number of diverse spacer sequences separated by repeats 

(Horvath and Barrangou, 2010). Spacers are transcribed into CRISPR RNAs and guide a 

Cas complex to foreign nucleic acids which are recognized by their complementary 

sequence to the spacer. The Cas complex subsequently cleaves the targeted nucleic acid 

strand. When infecting V. cholerae with ICP1 phages that lack the CRISPR/Cas spacer 

specific for the PLE of V. cholerae, Kim Seed and colleagues observed an 100,000 fold 

lower plaquing efficiency (Seed et al., 2013). These observations indicate that, despite 

interfering with each other, bacteria and phages coexist by using diverse tools to create a 

balanced equilibrium. 

Bacteria face fungal and amoeboid predators in the environment. Dictyostelium 

discoideum is an amoeba that undergoes a multicellular development and preys on 

bacteria to obtain nutrients (Clarke, 2010). The grazing activity of amoeba was described 

to control populations of soil bacteria (Clarholm, 1981). 

Bacteria compete with each other for space and nutrients and use a variety of 

mechanisms to win the competition. One form of competition is exploitative competition 

in which multiple bacteria compete for the same resource and one bacterium indirectly 

harms another bacterium by taking away its resources. An example of exploitative 

competition is observed between Citrobacter rodentium and Bacteroides thetaitomicron 

during colonization of germ-free mice (Kamada et al., 2012). C. rodentium depends on 

monosaccharides to grow whereas B. thetaitomicron can catabolize monosaccharides and 

polysaccharides. When germ-free mice were colonized with both species and fed a 

conventional diet of mono- and polysaccharides, over 1011 CFUs of C. rodentium were 

recovered per gram of feces (Kamada et al., 2012). After a switch to a simple sugar diet 

of monosaccharides, 100 fold less CFUs of C. rodentium were recovered per gram of 

feces (Kamada et al., 2012). An additional experiment indicates that this reduction of C. 
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rodentium only occurred in the presence of B. thetaitomicron. These data suggest 

exploitative competition between C. rodentium and B. thetaitomicron under conditions in 

which both species depend on the same nutrients for their catabolism (Figure 1-2). 

Another form of competition is interference competition in which one bacterium actively 

harms another bacterium in competition (Figure 1-2). Throughout this thesis, I refer to 

interference competition when using the term competition. In the following sections, I 

will describe how bacteria use toxins to kill other bacteria in a contact-independent or 

contact-dependent manner. 

 

 

Figure 1-2 Forms of bacterial competition. 

(A and B) Examples of competition in which two bacteria compete for the same resource 
depicted in green. (A) The bacterium depicted in red outcompetes the bacterium depicted 
in blue by taking away its nutrients. (B) The bacterium depicted in red kills its 
competitor, indicated by a jagged arrow. The dotted line surrounding indicates a dead 
bacterium. The intermitted arrow pointing to the dead bacterium indicates that the dead 
bacterium is not taking up resources any more. Subsequently, the bacterium depicted in 
red has access to the resource depicted in green. (C) Example of predation between 
bacteria. The bacterium depicted in red kills the bacterium depicted in blue and 
subsequently takes up nutrients released by the dead bacterium. 
 
 

1.3.2 Contact-independent killing 

Bacteriocins are proteins that kill bacteria and do not require the producing bacterium to 

be in direct contact with the target bacterium (Riley, 1998). Gram-negative and Gram-

positive bacteria employ bacteriocins (Pugsley, 1984). The toxic activity of bacteriocins 

can be broadly subdivided into pore-forming toxins, DNAses, RNAses, and 

peptidoglycan-degrading   proteins   (Riley, 1998).  Immunity   proteins   specific to  their 
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cognate toxin protect bacteria that produce a bacteriocin from getting killed by its own 

toxin. Lysis proteins facilitate the release of bacteriocins (Cavard et al., 1985) which 

require a receptor on the cell surface of the target cell for entry and subsequent deadly 

action on the target (Lazdunski et al., 1998). Bacteria can become resistant to bacteriocins 

by modulating the receptor on the cell surface and thus preventing entry of the 

bacteriocin into the cell (Riley, 1998). The target range of bacteriocins varies from 

closely related strains to bacteria of other species. The gene encoding a bacteriocin and 

the gene encoding its cognate immunity protein often come in pairs and can be 

exchanged by horizontal gene transfer (Rossi et al., 2014). 

Bacterial toxins do not need to be proteins. Small compounds like streptomycin 

form the basis for antibiotics in clinical use and originate from soil bacteria, in this 

example from Streptomyces griseus (Jones et al., 1944).  

 

1.3.3 Contact-dependent killing 

Contact-dependent growth inhibition (CDI) and the T6SS are two main 

mechanisms used by bacteria to kill each other in a contact-dependent manner. S. Aoki 

and colleagues observed bacteria of the uropathogenic E. coli strain EC93 to inhibit the 

growth of E. coli K12 when grown in liquid culture that allowed for direct contact and 

called this phenomenon “contact-dependent growth inhibition (CDI)” (Aoki et al., 2005). 

Screening of a cosmid library revealed that the three consecutive genes cdiB, cdiA, and 

cdiI were sufficient to mediate CDI. The 65 kDa protein CdiB formed a beta barrel in the 

outer membrane of the bacterium and translocated the 319 kDa CdiA onto the bacterial 

cell surface. CdiA then formed an extended rod that bound to BamA on the cell surface 

of a neighbouring bacterium. The C-terminal end of CdiA was then cleaved off and 

transported into the cytoplasm of the neighbouring cell where it became enzymatically 

active and inhibited growth by degrading DNA. In the case of uropathogenic E. coli 

strain 536, the toxic C-terminal end of CdiA additionally needs to bind to a permissive 

factor, the biosynthetic enzyme CysK of the target bacterium, to employ tRNAse activity 

(Diner et al., 2012). Bacteria can protect themselves from CdiA with the immunity 

protein CdiI which binds the C-terminus of CdiA and inhibits its toxic activity. Mutations 
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in BamA that prevent the uptake of CdiA render bacteria resistant to the toxic activity of 

CdiA. 

CDI has been found among alpha, beta, and gamma proteobacteria (Aoki et al., 

2010). Whereas most of CdiA is highly conserved, the C-terminal domains and their 

enzymatic activities differ between strains. C-termini of CdiA with DNAse activity, 

RNAse activity, and the ability to form pores to interfere with the proton gradient across 

the bacterial inner membrane of Gram-negative bacteria have been described (Aoki et al., 

2010; Aoki et al., 2009). The genome of the E. coli strain EC93, for example, contains 

cdiA-CT/cdiI orphan modules that consist only of the 3’end of cdiA, which encodes the 

toxic C-terminus of CdiA, and cdiI, which encodes the cognate immunity protein, in 

addition to a complete set of cdiB, cdiA, and cdiI genes (Poole et al., 2011). Z. Ruhe and 

colleagues proposed a model in which orphan modules recombine into the complete set 

of cdiB, cdiA, and cdiI by homologous recombination and allow the bacterium to quickly 

change the toxic activity of CdiA (Ruhe et al., 2013).  

Distribution of very similar cdi genes among distantly related bacterial species 

like Neisseria lactamica and Gallibacterium anatis suggests the exchange of these genes 

by horizontal gene transfer (Ruhe et al., 2013). Some genomes encode incomplete 3’ end 

segments of cdiA genes in combination with a gene encoding the cognate immunity 

protein in addition to fully intact cdiBAI genes. Z. Ruhe and colleagues proposed a 

mechanism for the acquisition of these orphan genes to become immune to a larger 

spectrum of CdiA toxins and a mechanism of reshuffling to equip the intact CdiA stick 

with a new toxic C-terminal tip (Ruhe et al., 2013). 

Microbial competition by the T6SS also depends on direct contact between 

attacking and target cells. In contrast to toxic C-terminal extensions of CdiA, T6SS 

effectors are transported in one step into the target cell. As yet, no receptor on the target 

cell required for T6SS-mediated effector translocation has been described. This 

difference increases the spectrum of target cells of T6SS-mediated competition. Multiple 

T6SS effectors can be delivered in one translocation event (Pukatzki et al., 2007). VgrG 

proteins of the T6SS are similar to CdiA proteins in that they are also structural 

components of the secretion apparatus that contain various C-terminal extensions with 

differing enzymatic effector activities (Brooks et al., 2013; Pukatzki et al., 2007). Genes 
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encoding T6SS effectors are also likely to be exchanged between bacteria by horizontal 

gene transfer (Unterweger et al., 2014). Bacterial species like Dicteya dadantii encode 

genes for CDI and the T6SS (Aoki et al., 2010; Babujee et al., 2012). Other species like 

V. cholerae encode genes only for the T6SS (Pukatzki et al., 2006). 

 

1.4 The type VI secretion system 

Genes encoding proteins of the T6SS have been identified in approximately 25 

percent of all Gram-negative bacteria (Boyer et al., 2009). These bacteria belong to the 

alpha, beta, gamma, and delta proteobacteria and the Bacteriodetes (Ma et al., 2014b; 

Russell et al., 2014b). Some species like P. aeruginosa and Burkholderia thailandensis 

contain multiple T6SSs that target different cells (Mougous et al., 2006; Schwarz et al., 

2010). V. cholerae contains only one T6SS. Section 1.4.1 provides an overview of T6SS-

mediated interactions, and the structure and effectors of this secretion system.  

 

1.4.1 Structure of the T6SS and the mechanism of effector protein ejection 

Structural components of the T6SS share structural and functional homology with 

proteins of the T4 bacteriophage tail (Leiman et al., 2009). The secretion system 

apparatus is formed of three main components: a base-plate, an inner tube, and a 

contractile outer sheath. These very basic structural components might vary slightly 

among the T6SS of individual bacterial species. Bioinformatics analyses revealed three 

phylogenetically distinct forms of the T6SS (Russell et al., 2014b). 

A protein complex anchors the T6SS in the bacterial membrane (Zoued et al., 

2014). This complex consists at least of the proteins TssM, TssJ, and TssL (Durand et al., 

2012b; Felisberto-Rodrigues et al., 2011; Ma et al., 2009b; VanRheenen et al., 2004). 

TssM (VasK) is an IcmF family protein localized in the inner membrane and connects the 

outer membrane protein TssJ with the inner membrane protein TssL. ATP-hydrolysis by 

TssM facilitates interaction of the protein Hcp with the protein complex of TssM/TssL 

and is necessary for a functional T6SS (Ma et al., 2009b; Ma et al., 2012). TssF, TssG, 

and TssA are also ubiquitous in T6SS systems and their role in T6SS function remains to 

be determined (Boyer et al., 2009; Zheng et al., 2011; Zheng and Leung, 2007). TssK and 
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TssE are proposed to be part of a baseplate complex that assists in the assembly of the 

secretion system, similar to the baseplate of contractile bacteriophages (Leiman et al., 

2009; Leiman and Shneider, 2012; Zoued et al., 2014). TssK is required for 

polymerization of the outer T6SS sheath and likely connects the baseplate complex with 

the membrane anchoring complex through a direct interaction with TssL (Zoued et al., 

2013). 

The secretion apparatus of the T6SS consists of an inner tube and an outer sheath. 

Contraction of the device’s outer sheath ejects an inner tube from the bacterium into a 

neighbouring cell (Basler et al., 2012). In the current T6SS model, diverse effector 

proteins are localized in the conserved tip of the inner tube and are ejected together (Ho 

et al., 2014; Russell et al., 2014a; Zoued et al., 2014). The inner tube is formed of 

hexameric rings of the protein Hcp and has an inner diameter of about 40 Å (Mougous et 

al., 2006). Secretion of Hcp into a culture supernatant is considered the hallmark of a 

functional T6SS (Pukatzki et al., 2006). A trimer of VgrG proteins is localized in the tip 

of the Hcp tube (Leiman et al., 2009). VgrG proteins contain at least two domains, one 

gp27-like and one gp5-like domain (Pukatzki et al., 2007). The very tip of the T6SS is 

formed by a PAAR domain protein that binds to the tip of the VgrG trimer and forms an 

inverted cone (Shneider et al., 2013). Shneider and colleagues observed a defect in Hcp 

secretion in V. cholerae mutants deficient in PAAR domain proteins, indicating that these 

proteins are required for the structural integrity of the T6SS (Shneider et al., 2013). 

This inner tube resides within an outer sheath of VipA and VipB. Dimers of these 

two proteins interact with each other via a four strand beta sheet handshake domain 

(Kudryashev et al., 2015). Prior to an ejection event, the VipAB sheath, and likely also 

the Hcp tube, extend across the whole host bacterium. Contraction of the outer sheath 

results in ejection of the inner tube (Basler et al., 2012). Upon contraction, the VipAB 

proteins undergo a conformational change and are then recognized by ClpV, an ATPase 

that recycles the contracted VipAB sheath (Bonemann et al., 2009; Kube et al., 2014). 

T6SS effectors are located at the tip of the secretion system and should not 

universally be considered separately from the secretion apparatus because multiple 

mutants deficient in T6SS effectors show defects in Hcp secretion (Brooks et al., 2013; 
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Dong et al., 2013; Miyata et al., 2013; Pukatzki et al., 2007). Thus there is a link between 

T6SS effectors and the structural integrity of the T6SS. 

 

1.4.2 T6SS effectors 

T6SS effectors differ in how they are associated with the tip of the T6SS and in 

their enzymatic activity which determines the conditions in which killing can be 

performed and the spectrum of target cells that can be killed (Figure 1-3).  

The effectors known to date use five different mechanisms to attach to the tip of 

the T6SS and are therefore divided into five classes (Ho et al., 2014) (Figure 1-3). 

Enzymatically active effector domains can be found translationally fused to the C-

terminus of VgrG core domains. Examples for VgrG-proteins with C-terminal extensions 

are VgrG-1 (VC1416) and VgrG-3 (VCA0123) of V. cholerae with actin crosslinking 

activity and peptidoglycan degrading activity, respectively (Brooks et al., 2013; Pukatzki 

et al., 2007). Many more VgrG proteins have been described with a variety of active 

domains such as a pe/ppe domain (B. cenocepacia), a zinc-metaloprotease domain (P. 

aeruginosa), a mannose binding domain (Y. intermedia), a tropomyosin-like domain (Y. 

pestis), a yadA-like and pertactin-like domain (Y. pestis), and a yidB-like/fibronectin-like 

domain (P. entomophila) (Pukatzki et al., 2007). The C-terminal extensions are likely 

cleaved off from the VgrG core protein upon effector delivery into the target cell (Brooks 

et al., 2013). These effectors are referred to as class 1 effectors. 

T6SS effectors can also be encoded in genes in proximity to vgrG genes. These 

effectors are referred to as cargo effectors or class 2 effectors. Examples are TseL 

(VC1418) and VasX (VCA0020) of V. cholerae with lipase activity and pore-forming 

activity, respectively. The proteins in the VgrG tip with which these cargo effectors 

interact during translocation need to be determined. Pulldown and immunoprecipitation 

experiments suggested that cargo effectors directly interact with VgrG proteins (S. 

Miyata, unpublished observation, and chapter 5). The cargo effectors TseL and VasX are 

70 kDa and 120 kDa large, respectively. Some cargo effectors share three 9, 6, and 7 

amino acid-long conserved sequences called MIX (marker for type six effectors) 

(Salomon et al., 2014). The relevance of these conserved sequences has not been 
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determined. One feature of cargo effectors seems to be their dependence on adaptor 

proteins ((Miyata et al., 2013); chapter 5). As discussed in detail in chapter 5, we propose 

that cargo effectors are loaded onto the secretion system with adaptor proteins that 

themselves are retained in the cytoplasm of the attacking cell. 

 

 

Figure 1-3 Examples of different forms of T6SS effectors. 
(A) Graphical depiction of part of the Hcp tube and a VgrG-trimer decorated with a 
variety of T6SS effectors. One effector for each kind of mechanism with which effectors 
can be associated with the tip of the secretion system is shown. Explanation of the 
numbers is provided in the table in B. (B) Overview of the kinds of mechanisms of 
effector translocation, effector activity, and the target range of effectors. Examples are 
listed on the left. Black squares indicate that the listed effector has a certain feature. Grey 
squares indicate that the listed effector putatively has a certain feature but further 
experimental tests are required. White squares indicate that a listed effector has not (yet) 
been shown to have an indicated feature. 
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VgrG proteins contain a motif that mediates a direct interaction with a PAAR 

domain of a second protein (Shneider et al., 2013). T6SS effectors with PAAR domains 

are referred to as class 3 effectors; three examples are RhsA of Dickeya dadantii with 

DNAse activity (Koskiniemi et al., 2013; Shneider et al., 2013) and Tse5 and Tse6 of P. 

aeruginosa (Whitney et al., 2014). Shneider and colleagues solved the crystal structure of 

a PAAR-domain protein with the gp5-like domains of VgrG proteins (Shneider et al., 

2013). The resulting structure suggests that PAAR-domain proteins form an inverted 

cone-like structure at the very tip of the secretion systems. Experiments in P. aeruginosa 

and Enterobacter cloacae revealed that PAAR domain proteins depend on cognate VgrG 

proteins for export (Whitney et al., 2014).  

PAAR-domain proteins are also proposed to act as adaptors for T6SS effectors 

encoded by separate genes (Shneider et al., 2013). These effectors are referred to as class 

4 effectors (Ho et al., 2014). An example of such a T6SS effector in V. cholerae is TseH 

with putative peptidoglycan-degrading activity (Altindis et al., 2014). The gene tseH is 

encoded downstream of a gene that encodes a small PAAR-domain protein that has no 

predicted enzymatic activity. It remains to be tested if TseH depends on the PAAR-

domain protein for secretion and if the two proteins directly interact. Some class 3 and 4 

effector proteins, including TseH and RhsA, share the characteristic motif 

GxxxRYxYDxxGRL(I/T) of Rhs proteins (Altindis et al., 2015; Feulner et al., 1990; 

Koskiniemi et al., 2013).  

Small T6SS effectors bind to proteins other than VgrG, that is, to Hcp proteins, 

and are referred to as class 5 effectors (Ho et al., 2014; Silverman et al., 2013). So far, the 

best characterized effector in this category is Tse2 of P. aeruginosa, with putative 

nuclease activity (Li et al., 2012; Silverman et al., 2013). The Tse2 effector interacts 

directly with Hcp, which serves as a chaperone and protects Tse2 from degradation 

(Silverman et al., 2013). The authors further observed a direct interaction between a class 

5 effector and its cognate Hcp protein but not between a class 5 effector and an Hcp 

protein of a different bacterial species. 

Once translocated to the target cell, T6SS effectors employ a variety of enzymatic 

activities with differing substrate specificities to damage the cell (Figure 1-3). T6SS 

effectors with different peptidoglycan-degrading activities are widespread among 
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bacterial species (Russell et al., 2012): amidases cleave carbon-nitrogen bonds, and 

glycosidases and muramidases hydrolyse glycosidic bonds. Russell and colleagues 

described amidases with four different substrate specificities and glycosidases with three 

different substrate specificities among Beta-, Gamma-, and Deltaproteobacteria (Russell 

et al., 2014a). An example of an amidase is Tse1 of P. aeruginosa, an example of a 

glycosidase is Tse3 of P. aeruginosa, and an example of a muramidase is VgrG-3 of V. 

cholerae. The T6SS effectors with peptidoglycan-degrading activity characterized so far 

belong to classes 1, 3, and 4 T6SS effectors. Bioinformatics predicted class 2 effectors 

with peptidoglycan-degrading activity (Unterweger et al., 2014) but this prediction 

remains to be tested experimentally. 

Other targets of T6SS effectors are the inner and outer membranes of a bacterial 

cell. Russell and colleagues described lipases with five different substrate specificities 

(Russell et al., 2013). An example of a T6SS effector with lipase activity is TseL of V. 

cholerae (Dong et al., 2013). Pore-forming effectors like VasX of V. cholerae form a 

pore and disrupt the electron transport chain along the inner membrane (Miyata et al., 

2013). The pore-forming effector VasX is toxic to prokaryotic and eukaryotic cells 

(Miyata et al., 2011). VasX toxicity depends on an environment of low osmolarity 

(Miyata et al., 2013) and -mediated killing was not observed in the infant rabbit (Fu et al., 

2013). The lipase effectors PldA and PldB have been observed to be toxic to eukaryotic 

and prokaryotic cells (Jiang et al., 2014). To what extent this is a common feature of 

these effectors needs to be further examined.  

Some effectors target structures in the bacterial cytoplasm. An example of an 

effector with DNAse activity is RhsA of Dickeya dadantii (Koskiniemi et al., 2013). 

Effectors that were characterized with these activities are among class 3 and class 6 

effectors. 

Stefan Pukatzki and colleagues characterized the ability of the ACD in the C-

terminal extension of VgrG-1 of V. cholerae to crosslink actin of murine macrophages 

and the actin of amoeba (Pukatzki et al., 2007) (described in more detail in 1.5.3).  

In summary, T6SS effectors differ in their mechanism of translocation with the 

T6SS and in their toxic activity (Figure 1-3). Effector targets range from prokaryotic cells 

(peptidoglycan-degrading effectors) to eukaryotic cells (ACD of VgrG-1) to both cell 
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types (VasX) (Figure 1-3). The example of the pore-forming effector VasX, for which 

toxicity depends on an environment of low osmolarity, shows that sometimes the 

conditions outside the bacterium can affect the toxicity of the effector. 

 

1.4.3 T6SS-mediated cell-cell interactions 

Bacteria use the T6SS to mediate interactions with neighbouring prokaryotic or 

eukaryotic cells. Examples of bacteria that use their T6SS to interact with eukaryotic cells 

are V. cholerae, Burkholderia thailandensis, and P. aeruginosa. 

V. cholerae contains multiple antieukaryotic effectors. The T6SS effector VasX is 

required for full virulence of V. cholerae against the amoeba Dictyostelium discoideum 

(Miyata et al., 2011). The actin-crosslinking domain of V. cholerae crosslinks with the 

actin of amoeba and the actin of murine macrophages (Pukatzki et al., 2007). Amy Ma 

inoculated infant mice with high titres of V. cholerae deficient in the ACD and observed 

that this mutant colonized infant mice for 16–18h at lower numbers than the wild-type 

strain (Ma and Mekalanos, 2010).  

Burkholderia pseudomallei, B. mallei, and B. thailandensis use the T6SS to 

translocate the effector protein VgrG-5 into eukaryotic cells (Schwarz et al., 2014; 

Toesca et al., 2014). The C-terminal extension of VgrG-5 causes macrophages to form 

multinucleated giant cells. The enzymatic activity of VgrG-5 remains to be elucidated. 

Burkholderia makes use of these multinucleated, giant cells to spread from cell to cell 

during infection and requires the T6SS for full virulence in the infection model of mice 

and hamsters (Pilatz et al., 2006; Schell et al., 2007; Schwarz et al., 2010). 

P. aeruginosa uses its T6SS to translocate the two lipases PdlA and PdlB into 

eukaryotic cells (Jiang et al., 2014). F. Jiang and colleagues observed that a T6SS-

deficient mutant of P. aeruginosa invaded HeLa cells with 80% lower efficiency than 

wild-type P. aeruginosa. The authors proposed that the lipases act on the PI3K/Akt 

pathway of eukaryotic cells to facilitate bacterial invasion. 

Examples for bacterial species that employ their T6SS for anti-prokaryotic 

activity are V. cholerae and P. aeruginosa.  
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V. cholerae employs at least four antiprokaryotic T6SS effectors (Altindis et al., 

2015; Brooks et al., 2013; Dong et al., 2013; Miyata et al., 2011) to kill a variety of 

Gram-negative bacterial species (MacIntyre et al., 2010). T6SS-mediated killing by V. 

cholerae reduces the number of E. coli bacteria it is mixed with from 108 to 103 within 

four hours (MacIntyre et al., 2010). V. cholerae increases its transformation frequency by 

killing bacteria when grown on chitin (Borgeaud et al., 2015). Chitinous surfaces render 

V. cholerae naturally competent, a condition in which they take up DNA from the 

environment (Meibom et al., 2005). 

 P. aeruginosa uses its T6SS effectors to kill B. thailandensis, Acinetobacter 

bayleyi, E. coli and V. cholerae in a directional manner (Basler et al., 2013; LeRoux et 

al., 2015). T6SS-mediated killing by P. aeruginosa was described to interfere with the 

uptake of foreign DNA. P. aeruginosa uses its T6SS to kill conjugative E. coli and 

subsequently decreases the number of P. aeruginosa conjugants that take up plasmids 

from E. coli by over 5 fold (Ho et al., 2013). 

As much as the focus of a toxin is to harm others, bacteria use toxic interactions 

also to recognize kin and differentiate self from nonself. Proteus mirabilis can facilitate 

the development of kidney stones and is a swarming bacterium that uses its T6SS also for 

intraspecific competition (Gibbs et al., 2008). Two P. mirabilis strains kill each other at 

the interface of the two swarms in a T6SS-dependent manner and form a boundary 

between the two swarms that is visible to the naked eye (Alteri et al., 2013). 

 

1.4.4 Regulation and function of the T6SS 

Regulation of the T6SS varies from species to species and provides indications for 

situations in which the T6SS is useful. Regulation of the T6SS in V. cholerae and P. 

aeruginosa are examples of the various ways in which the T6SS can be regulated. 

P. aeruginosa strains regulate T6SS activity, though an active T6SS under 

laboratory conditions has been observed for some clinical isolates (Mougous et al., 2006). 

In general, P. aeruginosa activates its T6SS posttranslationally in response to membrane 

perturbation and danger signals. Among the external stimuli that induce a directional 

counterattack are conjugative pili and a T6SS-mediated attack of another bacterium. M. 
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Basler and colleagues mixed V. cholerae and P. aeruginosa each with a fluorescently 

tagged VipA to detect T6SS firing events under the fluorescent microscope (Basler et al., 

2013). P. aeruginosa bacteria did not activate the T6SS until attacked with the T6SS of 

V. cholerae bacteria. P. aeruginosa is immune to the T6SS effectors of V. cholerae and 

survives the attack. The V. cholerae attack is sensed by the P. aeruginosa 

TagQRST/PpkA signaling cascade which phosphorylates Fha1 and induces a directional 

T6SS-mediated counterattack, and V. cholerae succumbs to the counterattack it originally 

initiated. In a population of P. aeruginosa, V. cholera with an active T6SS, and V. 

cholerae with an inactive T6SS, P. aeruginosa kill V. cholerae with an active T6SS 

whereas V. cholerae with an inactive T6SS remain untouched (Basler et al., 2013). The 

ability of P. aeruginosa to induce a directional counterattack might be used to eliminate 

certain bacteria from a population.  

LeRoux and colleagues recently studied how P. aeruginosa responds when mixed 

with B. thailandensis that kill P. aeruginosa bacteria in a T6SS-dependent manner 

(LeRoux et al., 2015). The authors found that P. aeruginosa that dies as a result of a 

T6SS-mediated attack of B. thailandensis releases a diffusible signal. This compound is 

sensed by other P. aeruginosa bacteria which in turn posttranscriptionally activate their 

T6SS to outcompete B. thailandensis. Taken together, these observations suggest that an 

individual P. aeruginosa bacterium activates its T6SS in response to being attacked and 

in response to dying kin bacteria.   

 

1.4.5 The T6SS and bacterial pathogenesis 

The T6SS is found in bacterial species that are pathogenic to humans and plants. 

Examples are V. cholerae, P. aeruginosa, Burkholderia pseudomallei, Yersinia 

pseudotuberculosis, and Dickey dadantii. 

V. cholerae is a human pathogen that induces severe diarrhoea and causes up to 

120,000 deaths around the globe annually (WHO, 2014c). The T6SS is also found in 

nonpandemic V. cholerae strains even though a correlation between pathogenic T6SS 

effectors and pandemic strains has been observed (Unterweger et al., 2014). Detection of 

T6SS gene expression in vivo (Mandlik et al., 2011), the activating effect of the host 
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factor mucin on the T6SS (V. Bachmann et al., unpublished observation), and the role of 

the ACD in V. cholerae colonization of the infant mouse (Ma and Mekalanos, 2010) 

suggest a role of the T6SS in vivo. The role of the T6SS during infection is discussed in 

detail in chapter 7 of this thesis. Several bacteria that use a T6SS for survival and 

competition are described below. 

P. aeruginosa infects the lungs and is the major cause of morbidity and mortality 

of cystic fibrosis (CF) patients (Govan and Deretic, 1996). Antibodies against the Hcp of 

the T6SS from P. aeruginosa were detected in the blood and Hcp was detected in the 

mucus of CF patients (Mougous et al., 2006). These observations suggest T6SS activity 

during infection although the role of the T6SS during infection and to what extent the 

T6SS is required for a successful infection remain to be elucidated. 

B. pseudomallei causes pneumonia and abscesses with a mortality rate of up to 

40% (Wiersinga et al., 2012). The T6SS has been shown to be required for giant cell 

formation. The ability of bacteria to replicate intracellularly and to invade the host 

through direct cell-to-cell spread is considered crucial for the pathogenicity of B. 

pseudomallei. 

Y. pseudotuberculosis causes abdominal pain, diarrhoea, vomiting, and fever 

(PAHO, 2001). Outbreaks of illness caused by Y. pseudotuberculosis have been noted; 

for example, in Japan, 732 people became ill and 134 had to be hospitalized in 1991 

(PAHO, 2001). The T6SS of Y. pseudotuberculosis secretes an effector with the ability to 

bind Zn2+ ions (Wang et al., 2015). Mice infected with a Y. pseudotuberculosis mutant 

deficient in the T6SS effector and also deficient in a Zn2+ transporter all survived (Wang 

et al., 2015), whereas only one quarter of mice infected with wild-type Y. 

pseudotuberculosis were still alive 20 h after infection (Wang et al., 2015). 

D. dadantii is a plant pathogen that infects a wide range of plants including 

tomatoes, sweet potatoes, carrots, and onions (Mansfield et al., 2012). At least two T6SS 

effectors have been proposed, but the role of the T6SS in D. dadantii pathogenesis 

remains to be characterized. 

Recently, the T6SS has been discovered in nonpathogenic bacterial species. An 

example is Bacteroides fragilis, a member of the intestinal microbiota (Russell et al., 

2014b). Expression of T6SS genes was observed by quantitative RT-PCR in germ-free 
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mice colonized with B. fragilis for one week (Russell et al., 2014b). The ability of B. 

fragilis to kill another member of the microbiota, B. thetaitomicron, was determined in 

vitro in a killing assay (Russell et al., 2014b).    

 

1.5 The type VI secretion system of V. cholerae 

V. cholerae is among the bacterial species with the currently best studied T6SS. 

The following sections describe what is currently known about the T6SS gene clusters 

and T6SS effectors of V. cholerae, regulation of the T6SS, and interactions between V. 

cholerae and other cells mediated by this secretion system. 

 

1.5.1 The T6SS enables V. cholerae to kill eukaryotic and prokaryotic cells 

V. cholerae uses its T6SS to interact with eukaryotic and prokaryotic cells (Figure 

1-4). Stefan Pukatzki performed a very elegant screen of transposon mutants to determine 

the virulence factors of the V. cholerae strain V52 that kill the amoeba Dictyostelium 

discoideum and subsequently prevent their predation on bacteria (Pukatzki et al., 2006). 

This screen resulted in the identification of transposon mutants that lost their virulence 

against D. discoideum as a result of transposon insertions in genes of the T6SS gene 

clusters. These findings set the ground for a model in which V. cholerae uses the T6SS to 

interact with neighbouring cells such as amoeba. The characterization of the T6SS 

effector VgrG-1, which is required for virulence against D. discoideum, was further 

characterized to mediate cytotoxicity to murine macrophages and thus increased the 

target spectrum of the T6SS from amoeba to endocytic, eukaryotic host cells (Ma et al., 

2009a; Pukatzki et al., 2007).  

 



32 
 

 

Figure 1-4 Overview of the T6SS-mediated interactions of V. cholerae. 
A V. cholerae bacterium is depicted in the middle; T6SSs are coloured in black and grey 
to indicate interactions with eukaryotic cells (depicted in yellow, top left), other 
prokaryotic cells of the species V. cholerae (depicted in red, top right) and prokaryotic 
cells of a different species (depicted in green, bottom right).  
 

Dana MacIntyre and colleagues showed that V. cholerae uses its T6SS to interact 

with other prokaryotic cells (MacIntyre et al., 2010) (Figure 1-4). For example, after a 4 

hour incubation of 108 V. cholerae bacteria with 107 E. coli bacteria, only about 102 

surviving E. coli were recovered. About 108 surviving E. coli were recovered after 

incubation with a vasK-deficient V. cholerae mutant that does not have an active T6SS, 

indicating that killing depends on an active T6SS. Other Gram-negative bacterial 

species—Salmonella enterica serovar Typhimurium, Citrobacter rodentium, 

enterohemorrhagic E. coli and enteropathogenic E. coli—were also subject to T6SS-

mediated killing by V. cholerae (MacIntyre et al., 2010). V. cholerae strains N16961 and 

C6706 did not die in the presence of the V. cholerae strain V52 with an active T6SS and 

seemed to be immune to T6SS-mediated killing. The Gram-positive bacteria 

Enterococcus faecilis, Bacillus subtilis, Listeria monocytogenes, and Staphylococcus 

aureus also did not die in response to a T6SS-mediated attack. Separation of V. cholerae 

and E. coli by a filter that prevents direct contact between the two species but not the 

exchange of diffusible molecules abrogated T6SS-mediated killing suggesting its 

dependency on direct contact. Although T6SS-mediated cytotoxicity toward eukaryotic 

cells depends on the ACD of VgrG-1, killing of E. coli does not. The T6SS effectors 

VgrG-3,  VasX,  TseL,  and  TseH  have  antiprokaryotic  activity    (Altindis et al., 2015; 
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Brooks et al., 2013; Dong et al., 2013; Miyata et al., 2013). T6SS-mediated killing of V. 

cholerae has been observed not only on LB agar plates but also in the intestine of the 

infant rabbit (Fu et al., 2013) and on chitin (Borgeaud et al., 2015).  

Together, these experiments established a model in which V. cholerae uses its 

T6SS to interact with amoeba, host macrophages, and other bacteria. Eukaryotic and 

prokaryotic cells die in response to a T6SS-mediated attack. The molecular mechanism 

underlying the T6SS-mediated killing of bacteria is discussed in chapter 2 of this thesis. 

 

1.5.2 The T6SS gene clusters  

Proteins of the V. cholerae T6SS are encoded by 36 genes organized in three gene 

clusters and one separate effector module distributed over the small and large 

chromosome of V. cholerae (Altindis et al., 2015; Pukatzki et al., 2006) (Figure 1-5). We 

do not yet call the clusters operons because an exhaustive search for promoters by 5’ 

extension, and mRNA transcript mapping by northern blot and the PCR have not been 

performed. The genome of the V. cholerae strain N16961 was sequenced in 2000 

(Heidelberg et al., 2000) and is used as a reference genome to investigate the T6SS gene 

clusters. The large T6SS gene cluster contains genes encoding structural and regulatory 

proteins of the T6SS and is located on the large chromosome. The proteins VipA and 

VipB form the contractile outer sheath (Basler et al., 2012), VasH, which is a regulator 

protein (Kitaoka et al., 2011a), and VasK (TssM), which is an essential inner membrane 

protein (Pukatzki et al., 2006), are encoded by genes in the large T6SS gene cluster. The 

genes vgrG-3 and tsiV3 are located at the 3’ end of the T6SS gene cluster and encode a 

peptidoglycan-degrading effector and its cognate immunity protein, respectively.  
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Figure 1-5 T6SS gene clusters of V. cholerae strain N16961. 
Graphical depiction of the T6SS gene clusters (drawn to scale). Genes of the T6SS 
clusters are indicated in white, surrounding genes are coloured in grey. No surrounding 
genes of the large cluster are shown for space reasons. The names are indicated on top 
and the locus tags are indicated below the respective genes. Genes with the locus tag 
VCA0105 and VCA0284 encode PAAR-domain proteins. 

 

In the V. cholerae strain N16961 gene clusters, auxiliary clusters 1 and 2 are 

located on the large and small chromosome, respectively, and share similarities in the 

kind and order of genes they contain (Figure 1-5). The first gene in cluster 1 is hcp-1 and 

the first gene in cluster 2 is hcp-2; these genes encode identical proteins and the proteins 

they encode form the inner sheath of the T6SS. The genes downstream of hcp-1 and hcp-

2 encode VgrG-1 and VgrG-2 proteins, respectively. The three following genes tap-1, 

tseL, and tsiV1 in auxiliary cluster 1 and vasW, vasX, and tsiV2 in auxiliary cluster 2 

encode adaptor proteins, cargo effectors, and cognate immunity proteins, respectively 

(Dong et al., 2013; Miyata et al., 2013). A varying number of open reading frames are 

encoded downstream of tsiV1 and tsiV2 that encode putative orphan immunity proteins 

(Appendix A, Figure 9-6). 

The T6SS effector TseH is encoded in a gene on the small chromosome outside of 

the T6SS gene cluster (Figure 1-5) (Altindis et al., 2015). The gene upstream of tseH 

encodes a PAAR-domain protein and the gene downstream of tseH encodes the immunity 

protein TsiH. A second PAAR-domain protein is encoded at the very 5’end of the large 

T6SS cluster in the gene with the locus tag VCA0105 (Shneider et al., 2013). 
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1.5.3 T6SS effectors of V. cholerae 

Five T6SS effectors with antiprokaryotic and antieukaryotic activities have been 

described in V. cholerae strains N16961, V52, and 2740-80 (Table 1). 

VgrG-1 contains a C-terminal extension with an actin-crosslinking domain (ACD) 

(Table 1) (Pukatzki et al., 2007). Pukatzki and colleagues added recombinant VgrG-1 to 

cell lysates of D. discoideum and murine macrophages and observed actin-crosslinking in 

both cell types. V. cholerae without an ACD loses its virulence toward D. discoideum 

(Ma et al., 2009a). V. cholerae with the ACD kills the amoeba and no amoeba predation 

was observed. Amy Ma and colleagues also added V. cholerae to cells of the murine 

macrophage cell line J774 and observed the release of lactate dehydrogenase (LDH) as a 

marker for cytotoxicity. V. cholerae with an ACD caused over 20% more LDH release 

compared to ACD-deficient V. cholerae indicating that the ACD in the V. cholerae 

VgrG-1 promotes cytotoxic activity. In another experiment, Amy Ma and colleagues 

tested if VgrG-1 is translocated into eukaryotic cells in a T6SS-dependent manner. The 

authors translationally fused blaM, which encodes the beta lactamase enzyme Bla, to 

VgrG-1 and loaded murine macrophages with CCF2/AM, which is a FRET-based 

substrate for Bla and emits light of a different wavelength when catalyzed by Bla (Ma et 

al., 2009a). Macrophages incubated with V. cholerae with an active T6SS changed their 

emission wavelength indicating that VgrG-1 reached the macrophage cytoplasm and 

catalyzed CCF2/AM whereas V. cholerae mutants deficient in a functional T6SS did not. 

Actin-crosslinking occurred only among phagocytic cells. When V. cholerae was added 

to Chinese ovary hamster cells that express Fc$ receptors to induce opsonophagocytosis 

upon IgG stimulation, actin-crosslinking was observed. This antieukaryotic activity of the 

ACD is required for V. cholerae to maintain colonization of the infant mouse at high 

titres (Ma and Mekalanos, 2010). Amy Ma infected infant mice intragastrically with V. 

cholerae and determinedthe CFU recovered from the small intestine 2 hours and 16–18 

hours after inoculation. V. cholerae with an ACD was recovered at numbers equal to 

those of a mutant without the ACD at the 2-hour timepoint but at about 1,000-fold higher 

numbers at the later time-point. Therefore, VgrG-1 is translocated into eukaryotic cells 

and contains an ACD that crosslinks actin and is cytotoxic to amoeba and macrophages. 

The V. cholerae genome contains two genes, vgrG-1 and rtxA, that encode ACDs. In the 
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experiments described above, a V. cholerae strain deficient in rtxA was used to analyze 

the activity of the ACD of VgrG-1 (Sheahan et al., 2004). Sheahan and colleagues 

speculated that one of the proteins acquired an ACD by gene duplication. The advantage 

of having an ACD encoded in two separate proteins has not been determined. Durand and 

colleagues determined the crystal structure of the VgrG-1 ACD (Durand et al., 2012).  

VgrG-3 contains a C-terminal extension with peptidoglycan-degrading activity 

(Table 1-1) (Brooks et al., 2013). Teresa Brooks and colleagues subjected recombinant 

VgrG-3 and the C-terminal extension only to gel electrophoresis on a 12% SDS 

acrylamide gel supplemented with peptidoglycan. In-gel peptidoglycan was stained with 

methylene blue and zones of clearing at the expected sizes of full length VgrG-3 and the 

C-terminal extension indicated their abilities to degrade peptidoglycan (Brooks et al., 

2013). 

VasX is a cargo effector with antieukaryotic and antiprokaryotic activities 

(Miyata et al., 2011; Miyata et al., 2013). Sarah Miyata and colleagues observed that 

VasX was secreted into culture supernatants in a T6SS-dependent manner and was 

required for full virulence against the amoeba D. dictyostelium (Miyata et al., 2011). 

Growth of the amoeba was observed on a lawn of VasX-deficient V. cholerae but not on 

a lawn of wild-type V. cholerae. Sarah Miyata and colleagues also showed that VasX 

binds lipids and that VasX interferes with the integrity of the inner cell membrane, which 

explains its toxic activity against prokaryotic and eukaryotic cells (Miyata et al., 2011; 

Miyata et al., 2013). 

 

 

Table 1-1 Overview of T6SS effectors shared by V. cholerae strains V52, 2740-80, and 
N16961. 
 

TseL is another cargo effector with antiprokaryotic activity (Dong et al., 2013; 

Russell et al., 2013). Tao Dong and colleagues mapped the catalytically active site of 
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TseL to an aspartic acid at position 425 (Dong et al., 2013). Alistair Russell and 

colleagues determined the substrate specificity of TseL by adding recombinant protein to 

vesicles of phospholipid derivatives with fluorescent moieties at various stereochemical 

positions. The results indicated that TseL cleaves the ester bond in phospholipids.  

TseH is the most recently described T6SS effector with antiprokaryotic activity 

(Altindis et al., 2015). When TseH with a periplasmic leader sequence was expressed in 

E. coli, E. Altinids and colleagues recovered 10,000 fold less E. coli bacteria compared to 

E. coli in which the expression of periplasmic TseH was repressed with glucose. The 

results of a bioinformatics analysis suggested that TseH has peptidoglycan degrading 

activity. This hypothesis was further supported by an experiment in which recombinant 

TseH at similar levels to lysozyme caused cell lysis of E. coli with a permeabilized outer 

membrane. E. Altindis and colleagues detected TseH only in culture supernatants of 

bacteria with an active T6SS, suggesting that TseH is translocated with the T6SS. The 

mechanism by which TseH is associated with the T6SS secretion system remains to be 

elucidated. 

The protein encoded in the gene with the locus tag VCA0118 was proposed by 

Zheng and colleagues to be a T6SS effector (Zheng et al., 2011). The authors drew this 

conclusion based on reduced levels of E. coli killing despite Hcp secretion of a V. 

cholerae mutant deficient in VCA0118. This putative effector has not yet been further 

studied. 

In summary, V. cholerae encodes T6SS effectors with antieukaryotic and 

antiprokaryotic activity. The mechanisms by which these effectors are associated with the 

T6SS categorize them as class 1 and 2 effectors. TseH might be a class 4 effector. No 

effectors with class 3 and class 5 characteristics have yet been described for V. cholerae. 

As described in chapter 2 of this thesis, V. cholerae strains harbor immunity proteins 

against prokaryotic effectors to protect from a sister-cell mediated attack. Chapter 4 

describes V. cholerae strains that harbor a variety of effectors beyond the ones shared by 

the strains V52, 2740-80, and N16961 described in this section. 
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1.5.4 Regulation of the V. cholerae T6SS 

Individual V. cholerae strains regulate their T6SSs differently. The strain V52 has 

an active T6SS under laboratory conditions whereas the pandemic strain C6706 represses 

its T6SS under these conditions. 

Deciphering the regulation of genes within the T6SS gene cluster is an ongoing 

effort. VasH is encoded in a gene in the large T6SS gene cluster and is an activator of the 

alternative sigma factor 54 (Kitaoka et al., 2011a). Maya Kitaoka and colleagues 

observed that VasH induces gene expression of hcp2, vgrG-2, and vasX in the auxiliary 

cluster 2. Putative sigma factor 54 binding sites were predicted upstream of auxiliary 

clusters 1 and 2 (Williams et al., 1996). Electrophoretic mobility shift assays revealed 

that VasH binds to promoters upstream of hcp-1 and hcp-2 in the auxiliary clusters 

(Bernard et al., 2011) and supports a model of VasH-regulated expression of genes in the 

auxiliary clusters (Figure 1-6 A). 

The T6SS gene clusters have been shown to be activated in strains with a 

repressed T6SS under laboratory conditions by the regulatory pathways of quorum 

sensing and natural competence (Figure 1-6 A, B). Conditions that mimic high cell 

density have been shown to induce T6SS gene expression (Borgeaud et al., 2015; Shao 

and Bassler, 2014; Zheng et al., 2011). Small regulatory RNAs contribute to the 

regulation of the T6SS by repressing HapR and by base pairing (Shao and Bassler, 2014). 

Strains deficient in tsrA in addition to a lack of luxO also activate their T6SS 

posttranslationally, as indicated by Hcp secretion into culture supernatants. Strains with a 

functional HapR additionally require the expression of Tfox to activate the transcriptional 

regulator QstR and induce expression of T6SS genes (Borgeaud et al., 2015).  
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Figure 1-6 Overview of T6SS regulation in V. cholerae. 
(A) Regulation of the T6SS by regulators and small RNAs. The model was combined 
from (Borgeaud et al., 2015; Shao and Bassler, 2014; Zheng et al., 2010). HCD: high cell 
density; LCD: low cell density. (B-D) Overview of activators and inhibitors of T6SS 
activity. The strain name that was used in the respective experiments is indicated. List of 
infection models in which T6SS activity was observed. See the text for details and 
references. 

 

External stimuli (other than chitin and high cell density) that result in an active V. 

cholerae T6SS are high osmolarity, low temperature (Ishikawa et al., 2012), and host 

mucin (V. Bachmann et al., under review) (Figure 1-6 A, B). Studies on the gene 

expression profile of V. cholerae indicate that the T6SS of pandemic strains is activated 

during infection of humans and animals (Lombardo et al., 2007; Mandlik et al., 2011) 

(Figure 1-6 D). 

Regulation of the T6SS and the T3SS is linked in strains that have both secretion 

systems (Chaand and Dziejman, 2013) (Figure 1-6 B). Proteins of the T3SS are encoded 

in genes on a 50 kb-long genomic island. Two genes on this island encode the regulators 

VttRA and VttRB that induce expression of T3SS genes in a bile-dependent manner 

(Alam et al., 2010). Comparison of genome-wide gene expression via RNA-Seq of 

samples from wild-type O37 serogroup strain AM-19226 and a vttrA-deficient mutant 
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grown on bile revealed 3–5 fold lower expression of the T6SS genes hcp-1, hcp-2, and 

vgrG-1 in the absence of vttrA (Chaand and Dziejman, 2013). 

 

1.5.5 V. cholerae strains and their use to characterize the T6SS  

Multiple V. cholerae strains, such as N16961, C6706, V52 and A1552, were used 

to characterize the T6SS activity of V. cholerae. N16961 is a V. cholerae strain derived 

from a clinical isolate obtained in 1975 in Bangladesh. N16961 belongs to the O1 

serogroup and El Tor biotype. It is associated with the 7th V. cholerae pandemic and was 

the first strain to be fully sequenced and to have an annotated genome (Heidelberg et al., 

2000). The strain is not frequently used anymore because of the recent identification of a 

frameshift mutation in hapR, the gene encoding a regulator protein that controls a variety 

of cellular processes such as virulence, motility, and biofilm formation (Zhu et al., 2002). 

The genome of the strain N16961 and its annotation are still used as a reference. 

V. cholerae strain C6706 is another strain associated with the 7th pandemic and 

derived from a clinical isolate obtained in 1991 in Peru. This strain does not have an 

active T6SS under laboratory conditions. It is immune to a T6SS-mediated attack of 

strain V52 and has been used to study T6SS regulation and T6SS-mediated bacterial 

killing in vivo (Fu et al., 2013; Zheng et al., 2011). Unlike the C6706 isolate used in the 

original description of the natural competence of V. cholerae (Meibom et al., 2005), our 

C6706 isolate is not naturally competent when grown on chitin. 

V. cholerae strain V52 belongs to the O37 serogroup. It is derived from a rectal 

swab of a cholera patient who died in a refugee camp with a contaminated water well in 

Sudan during a local outbreak in 1968 (Zinnaka and Carpenter, 1972). This strain has an 

active T6SS under laboratory conditions and is therefore used for most of our 

experiments to study the T6SS and its effects on eukaryotic and prokaryotic cells 

(MacIntyre et al., 2010; Pukatzki et al., 2007; Pukatzki et al., 2006). Like strain C6706, 

strain V52 is not naturally competent when grown on chitin. Comparison of the V52 

genome sequence to that of other V. cholerae strains indicates that V52 is closely related 

to O1 serogroup strains (Chun et al., 2009). Among the O1 serogroup strains, V52 shares 

more sequence similarities with classical biotype than with El Tor biotype strains (Chun 
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et al., 2009). However, V52 is distinct from O1 serogroup strains of the classical biotype 

(Chun et al., 2009). 

V. cholerae strain A1552 belongs to the O1 serogroup and the El Tor biotype. 

This strain becomes naturally competent when grown on chitin. The T6SS is not active 

when grown under laboratory conditions until, in the presence of chitin, genes that 

encode components of the T6SS and of the DNA uptake machinery are activated. Using 

this strain in their experiments, Sandrine Borgeaud and colleagues observed an increased 

transformation frequency upon T6SS-mediated killing on chitin surfaces (Borgeaud et al., 

2015).  

The T6SS gene clusters are very similar among the four strains N16961, C6706, 

V52 and A1552. It is expected that the T6SS gene cluster of the strain N16961 encodes 

one additional open reading frame (VCA0122) that encodes a protein (that has not been 

characterized) with putative regulatory function (Zheng et al., 2011) and that is not 

present in the T6SS gene cluster of the strain V52. 

 

1.6 Hypothesis and aims 

Cholera is a global health burden that has caused millions of deaths in the past 

centuries and still maintains a pandemic spread in the 21st century (WHO, 2014c). The 

etiological agent of cholera is the bacterium V. cholerae, which is abundant in the marine 

environment.  

The V. cholerae species and the environments in which these bacteria are found 

are diverse (Chun et al., 2009). In the environment, V. cholerae bacteria live associated 

with phylo- and zooplankton in biofilm communities (Tamplin et al., 1990; Teschler et 

al., 2015). Within these communities, it is expected that bacteria interact with each other 

and with bacteria of other species. Competitive behavior among various bacteria, and 

between bacteria and amoebae, arises because of limited nutrients and space in the 

environment (Hibbing et al., 2010). V. cholerae strains of the O1 serogroup are capable 

of causing pandemic cholera. During infection of the human host, V. cholerae bacteria 

interact with each other, and with the microbiota and phagocytic eukaryotic cells of the 
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immune system. The microbiota and the immune system provide barriers to pathogen 

infections.  

The type VI secretion system enables V. cholerae to kill eukaryotic and 

prokaryotic cells (MacIntyre et al., 2010; Pukatzki et al., 2007; Pukatzki et al., 2006). The 

secretion system forms a contractile sheath around an inner tube that translocates effector 

proteins associated with its tip into neighbouring cells. Effectors are toxic unless they are 

bound by an immunity protein and thus inactivated (Basler et al., 2012; Brooks et al., 

2013; Dong et al., 2013; Ma et al., 2009a). Based on studies of the role of the V. cholerae 

type VI secretion system in pathogenesis, the Pukatzki laboratory studies the role of the 

V. cholerae type VI secretion system in pathogenesis and develops new therapeutic 

strategies by targeting the T6SS.  

I started this PhD project just before Dana MacIntyre and colleagues described 

how V. cholerae uses its T6SS to kill prokaryotic cells (MacIntyre et al., 2010). The 

experiments revealed how the V. cholerae strain V52 kills E. coli in a T6SS-dependent 

manner whereas the V. cholerae strain C6706 was immune to a T6SS-mediated attack 

(MacIntyre et al., 2010). At that time, the molecular mechanism of T6SS-mediated killing 

was unknown and the big unanswered question was how V. cholerae kills other bacteria. 

I hypothesized that V. cholerae strains contain T6SS effectors that kill bacteria like E. 

coli on contact and immunity proteins that protect bacteria like the V. cholerae strain 

C6706 from a T6SS-mediated attack. I screened transposon mutants of the strain C6706 

and identified three T6SS immunity proteins TsiV1, TsiV2, and TsiV3 that protect from 

the cognate effectors TseL, VasX, and VgrG-3. I furthermore asked if T6SS-dependent 

competition occurs among environmental V. cholerae isolates from the Rio Grande Delta. 

Subsequent experiments revealed T6SS-mediated killing between V. cholerae strains. We 

then wondered about the molecular basis for intraspecific T6SS-mediated competition 

and performed bioinformatics analyses of multiple V. cholerae strains. These analyses 

revealed effector modules that contain effector and immunity protein-encoding genes. 

These modules differ from otherwise conserved genes in the gene clusters and are likely 

exchanged between strains by horizontal gene transfer. It was still unknown how diverse 

T6SS effectors without an obvious signal sequence are translocated with a conserved 

secretion system. I then identified a diverse group of chimeric adaptor proteins that are 
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required for the secretion of their cognate effector. Finally, pandemic strains contain the 

same set of T6SS effector modules. Because the strains that caused the 6th cholera 

pandemic were not yet analyzed regarding their competitive fitness, I asked how the 

strains that caused the 6th pandemic used their T6SS to resist a T6SS-mediated attack. 

My experiments suggested that V. cholerae strains that caused the 6th pandemic were 

weak microbial competitors. 

 

The results of these experiments contribute to our understanding of how the T6SS 

of V. cholerae kills other bacteria and provide new insights into the diversity of T6SS 

effector and immunity proteins within the species V. cholerae (Figure 1-7). The 

observation that pathogenic V. cholerae strains share the same T6SS effector and 

immunity proteins, and as a result can coexist among each other but not with 

nonpandemic strains, forms a basis to translate these findings into applications with a 

direct benefit for human health. 
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Figure 1-7 Overview over the major findings described in this thesis. 
Graphical depiction of three V. cholerae bacteria. Two bacteria depicted in red are able to 
coexist. One of the bacteria depicted in red kills the bacterium depicted in blue in a 
T6SS-dependent manner. The numbers refer to chapters in this thesis where the depicted 
activity is explained. 
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Chapter 2 

Identification of T6SS immunity protein-encoding genes  

tsiV1, tsiV2, and tsiV3 

 
 

 
 

 
 

 
 

Portions of this chapter have been published as: 
Miyata, S.T., Unterweger, D., Rudko, S. and Pukatzki, S., Dual expression profile of type 
VI secretion system immunity genes protects pandemic Vibrio cholerae. PLoS 
Pathogens, 2013. 9(12): p. e1003752. 

Unterweger, D., Miyata, S.T., Bachmann, V., Mullins, T., Brooks, T., Kostiuk, B., 
Provenzano D. and Pukatzki, S., The Vibrio cholerae type VI secretion system employs 
diverse effector modules for intraspecific competition. Nature Communications, 2014. 
5:3549. 

Figure 1-4 B: The killing assay was performed by Sarah Miyata and is published in 
Miyata et al., 2013 (see above). 
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2 Identification of T6SS immunity protein-encoding genes tsiV1, tsiV2, and tsiV3 

2.1 Introduction 

Vibrio cholerae employs its T6SS to harm prokaryotic and eukaryotic cells 

(MacIntyre et al., 2010; Pukatzki et al., 2007; Pukatzki et al., 2006). The antibacterial 

properties of the V. cholerae T6SS were first observed against E. coli (MacIntyre et al., 

2010). An extended analysis showed that V. cholerae employs its T6SS also to kill other 

Gram-negative bacteria such as Salmonella Typhimurium, Citrobacter rodentium, 

enterohemorrhagic E. coli, and enterophathogenic E. coli (MacIntyre et al., 2010). The V. 

cholerae O37 strain V52, isolated from a cholera patient in a refugee camp in Sudan in 

1968 (Zinnaka and Carpenter, 1972), was used in these competition experiments because 

it employs an active T6SS under laboratory conditions. The pandemic O1 serogroup 

strain C6706 represses its T6SS under laboratory conditions and is immune to a T6SS-

mediated attack by V52 (MacIntyre et al., 2010; Zheng et al., 2010). 

The V. cholerae T6SS delivers effectors to neighboring cells and corresponding 

antagonistic proteins confer immunity against effectors that are delivered by sister cells. 

The T6SS effectors that V. cholerae uses to kill prokaryotic cells were unknown when 

this phenomenon was first described in 2010 (MacIntyre et al., 2010). The only 

characterized V. cholerae T6SS effector at this time was VgrG-1, which was not 

necessary for E. coli killing. VgrG-1, a T6SS effector protein with an actin-crosslinking 

domain (ACD), mediates killing of murine macrophages (Pukatzki et al., 2007). 

Although VgrG-1 is not needed for killing E. coli (MacIntyre et al., 2010), we envisioned 

that antiprokaryotic effectors might be transported with the T6SS into a target bacterium, 

act toxic, and thus kill the bacterium. We speculated that V. cholerae strains immune to a 

T6SS-mediated attack might contain immunity proteins that protect from the toxic 

activity of antiprokaryotic T6SS effectors. 

This chapter describes how I made use of the observation that V. cholera of the 

strain C6706 are immune to a T6SS-mediated attack of V. cholera of the strain V52. I 

used a transposon library of C6706 (Cameron et al., 2008) to identify mutants that had 

lost their protection to a T6SS-mediated attack due to a transposon-insertion in an 

immunity protein-encoding gene. In a second step, I identified genes encoding candidates 
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for antiprokaryotic T6SS effector proteins based on their location in proximity to 

immunity protein-encoding genes. 

 

2.2 Results 

2.2.1 Transposon insertions in three T6SS genes results in lost immunity of C6706 to a 

T6SS-mediated attack of V52 

V. cholerae strain C6706 has previously been shown to be immune to a T6SS-

mediated attack of the V. cholerae strain V52 (MacIntyre et al., 2010). We hypothesized 

that V. cholerae strains such as C6706 encode immunity proteins within the T6SS gene 

clusters that are expressed independently of the other genes in the T6SS gene cluster, 

protecting the bacterium from a T6SS-mediated attack by an active T6SS of a 

neighbouring bacterium.  

To identify such immunity genes, I used a transposon library of C6706 with 

transposon insertions in nonessential genes, including 30 mutants with single insertions in 

T6SS genes (Cameron et al., 2008). In a killing assay, we mixed 107 bacteria of the prey 

strain C6706 with 108 bacteria of the predator strain V. cholerae V52. Bacteria of the 

strain C6706 were also mixed with V52!vasK, a mutant that does not engage in T6SS-

mediated killing because VasK is required for a functional T6SS. Bacterial mixtures were 

incubated on LB agar plates for four hours at 37 ºC. Spots were harvested, serially 

diluted, and plated onto selective plates to determine the number of surviving V52 and 

C6706. A competitive index was determined by calculating the ratio of the number of 

colony forming units of a surviving C6706 mutant exposed to wild-type V52 over the 

number of colony forming units of a surviving C6706 mutant exposed to V52!vasK. E. 

coli was exposed to V52 and V52!vasK to control for comparable experimental 

conditions. The negative index of E. coli of ~ 10-3 to 10-4 shows that this experimental 

setup allows for similar levels of T6SS-mediated killing than previously observed 

(MacIntyre et al., 2010). When comparing the competitive indices of all the transposon 

mutants, mutants with insertions in the genes VCA0021 (tsiV2), VCA0124 (tsiV3), and 

VC1418 (tseL) (Figure 2-7) showed the lowest competitive indices, which differed by 

over 100-fold with the competitive index of parental C6706. Mutants with transposon 
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insertions in genes with the locus tag VCA0114, VCA0115, and VCA0121 were also 

susceptible to killing by V52. However, we did not pursue these three genes further 

because these genes can be deleted in V52 (Zheng et al., 2011). It is therefore unlikely 

that genes with the locus tag VCA0114, VCA0115, and VCA0121 encode immunity 

proteins because V52’s constitutive T6SS would have selected against null-mutations.   

Previous attempts to delete tsiV2 (S. Miyata, unpublished observation) and tsiV3 

(Zheng et al., 2011) in V52 were unsuccessful, indicating that these two genes might be 

required for survival. Thus, we decided to focus on tsiV2, tsiV3, and tseL and determine 

the role of these genes and their products in conferring immunity of the strain C6706 to a 

T6SS-mediated attack of the strain V52.   
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Figure 2-1 Identification of T6SS immunity protein-encoding genes in V. cholerae. 

Killing assays were performed to screen a C6706 T6SS transposon library for mutants 
that became sensitive to killing by V. cholerae V52. Predator strains included wild-type 
V52 and the T6SS-null strain V52!vasK (negative control). E. coli strain MG1655 was 
included as a positive control as this strain had previously been shown to be susceptible 
to killing by V52. The data are presented in three individual graphs, each representing 
one of the V. cholerae T6SS gene clusters (i.e., VCA0017-VCA0021 – top panel, 
VCA0105-VCA0124 – middle panel, and VC1415-VC1420 – bottom panel). The 
competitive index was calculated by dividing recovered CFU after exposure to V52 by 
recovered CFU exposed to V52!vasK. Arrows indicate C6706 mutants identified as 
sensitive to killing by V52. These data represent three independent experiments 
performed in technical duplicate. Error bars indicate the standard deviation. 
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2.2.2 Episomal expression of TsiV1 – not TseL – restores survival of C6706!tseL 

To validate the role of tseL (VC1418) in mediating immunity of C6706 to a 

T6SS-mediated attack of V52, we hypothesized that tseL expression in trans would 

restore immunity of an in-frame tseL deletion mutant. In-frame gene deletion mutants 

were created by allelic exchange (Metcalf et al., 1996). To express the immunity-protein 

encoding genes in trans upon induction with arabinose, we PCR-amplified tseL and 

ligated a restricted DNA fragment into plasmid pBAD24 downstream of an arabinose-

inducible promoter.  

A killing assay was performed in which the tseL in-frame deletion mutant of 

C6706 was exposed to wild-type V52 or V52!vasK. The number of C6706 surviving a 4 

hour-exposure to the indicated V52 strain was plotted (Figure 2-2). In the absence of 

arabinose, C6706!tseL harbouring the tseL-containing plasmid was killed by wild-type 

V52 but not V52!vasK. This observation confirmed the results we previously obtained in 

our screen of transposon mutants. To test if we could rescue this mutant by inducing the 

expression of tseL, we exposed complemented C6706!tseL to V52 and V52!vasK under 

inducing conditions. Unexpectedly, induction of tseL expression did not protect 

C6706!tseL exposed to wild-type V52. This finding suggested that lost immunity of 

C6706!tseL is observed not because of the lack of the protein TseL but rather because of 

a polar effect on downstream genes. 
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Figure 2-2 Episomal expression of tsiV1, not tseL restores immunity of C6706!tseL. 

Survival of rifampicin-resistant C6706"tseL harboring either (A) pBAD24-tseL::FLAG, 
or (B) pBAD24-tsiV1::FLAG was determined by measuring CFU following exposure to 
the indicated rifampicin-sensitive predator V52 or V52!vasK in a killing assay. These 
data were obtained from one representative experiment performed in technical duplicate. 
Error bars indicate the standard deviation. 
 
 

To test if episomal expression of tsiV1, the gene encoded downstream of tseL, 

restores immunity, we exposed C6706!tseL/ptsiV1 to V52 in a killing assay. Induction of 

tsiV1 expression increased the survival rate of C6706!tseL by > 10-fold compared to 

complementation with an empty vector or episomal tseL. This indicated to us that the 

nucleotide sequence of tseL likely contains an internal promoter that drives tsiV1 

expression and provides protection from TseL. 

 

2.2.3 Complementation of tsiV1, tsiV2, and tsiV3 in-frame deletion mutants restores 

immunity to a T6SS-mediated attack 

To further validate the role of TsiV1, TsiV2, and TsiV3 in protecting C6706 from 

a T6SS-mediated attack by V52, we hypothesized that the lost immunity of a tsiV in-

frame deletion mutant could be restored by expressing the respective tsiV in trans. 

Therefore, we created in-frame deletions of tsiV1, tsiV2, or tsiV3 in C6706. All three 

immunity genes were then cloned into pBAD24 to complement in-frame deletions. 
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A killing assay was performed in which the C6706 mutants were exposed to wild-

type V52 or V52!vasK. C6706 mutants lacking tsiV1, tsiV2, or tsiV3 transformed with 

empty vector were recovered at > 100-fold lower numbers than parental C6706. This 

observation confirmed the results of the original screen in which transposon mutants of 

tsiV2 and tsiV3 became sensitive to a T6SS-mediated attack of V52 (Figure 2-1) and 

further suggested that tsiV1 encodes an immunity protein. 

Expression of the immunity genes in trans restored the recovery of about 107 

survivors of C6706 similar to the surviving numbers of parental C6706. This was 

observed for tsiV1, tsiV2, and tsiV3. From this observation, we concluded that the three 

proteins TsiV1, TsiV2, and TsiV3 mediate immunity to a T6SS-mediated attack of V52.  
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Figure 2-3 TsiV1, TsiV2, and TsiV3 mediate immunity to a T6SS-mediated attack of 
V52. 

Episomal tsiV1, tsiV3, and tsiV2 protect C6706!tsiV1, C6706!tsiV3, and C6706!tsiV2, 
respectively, from V52. Survival of rifampicin-resistant prey strains C6706, 
C6706"tsiV3, C6706"tsiV1, or C6706!tsiV2 harboring an empty vector (pBAD24), 
pBAD24-tsiV3::FLAG, pBAD24-tsiV1::FLAG, or pBAD24-tsiV2::FLAG was 
determined by measuring CFU following exposure to a rifampicin-sensitive predator 
(listed in the legend) – wild-type V52 or V52"vasK that serves as a negative control for 
T6SS-mediated bacterial killing. Arabinose was included in all samples to drive 
expression from the PBAD promoter. These data represent two independent experiments, 
each performed in technical duplicate. Error bars indicate the standard deviation. 
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2.2.4 Immunity protein-encoding genes require the gene upstream in cis to mediate 

protection 

We previously observed that the loss of immunity of a tseL-deletion mutant of 

C6706 can be restored by providing tsiV1 and not tseL in trans (Section 2.2.2) indicating 

that the gene upstream of tsiV1 is important for establishing immunity in C6706. To test 

if the requirement of the gene upstream of the tsiVs is a general phenomenon that also 

applies to tsiV2 and tsiV3, I created in-frame deletion mutants in C6706. The gene 

encoded upstream of tsiV2, vasX, and the gene encoded upstream of tsiV3, vgrG-3, were 

deleted. The resulting mutants were complemented in trans with the deleted gene or the 

tsiV gene encoded downstream and tested in a killing assay. 

C6706 deficient in vgrG-3 provided with an empty vector was recovered at about 

10-fold lower numbers after exposure to V52 compared to V52!vasK (Figure 2-4 A). 

This result indicated that vgrG-3 is required for the protection of C6706 from a T6SS-

mediated attack of V52. Further complementation showed that vgrG-3 needs to be 

provided in cis of tsiV3 to protect C6706. A similar result was obtained when analyzing 

the vasX-deficient mutant of C6706 (Figure 2-4 B). 
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Figure 2-4 C6706 deletion mutants lacking the full length of vgrG-3 or vasX lose 
immunity toward T6SS-mediated killing. 

Survival of rifampicin-resistant (A) C6706!vgrG-3 or (B) C6706"vasX and 
complemented strains (indicated on the x-axis) was determined by measuring CFU 
following exposure to the indicated rifampicin-sensitive predator listed in the legend. 
These data represent three independent experiments performed in technical duplicate. 
Error bars indicate the standard deviation. 

 

These results indicate that the nucleotide sequences of the genes upstream of the 

tsiVs are required for mediating immunity to a T6SS-mediated attack. The mechanism 

behind the T6SS-mediated attack still needed to be identified at that time. 

 

2.2.5 Immunity proteins protect against cognate effectors 

Proteins with similar protective functions, such as TsiV1, TsiV2, and TsiV3, 

occur in several T6SS-independent bacterial toxin-systems, for example, the contact-

dependent growth inhibition (CDI) mechanism of E. coli (Aoki et al., 2005). CdiI 

protects from the toxic function of CdiA, encoded in a gene directly upstream of cdiI. 

The T6SS gene clusters, including the tsiVs and their surrounding genes, are also found in 

the strain V52 which is capable of killing C6706 derivatives lacking individual immunity 

protein-encoding genes. Closer analysis of the genes surrounding the tsiVs in V52 

concentrated on the genes tseL, vasX, and vgrG-3 that are encoded immediately upstream 

of tsiV1, tsiV2, and tsiV3, respectively. TseL and TsiV1 exemplify two main indicators of 

a toxin-antitoxin pair with TseL as the putative effector protein and TsiV1 as the cognate 
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immunity protein. First, the open reading frames of tseL and tsiV1 overlap by 4 basepairs. 

Overlaps between the open-reading frames of toxin- and antitoxin-encoding genes are 

described for various toxin-antitoxin systems. For example, ldrX and ldrE of a type I 

toxin-antitoxin system in E. coli; relB and relE of a type II toxin-antitoxin system in 

Acinetobacter baumanii have short overlaps (Brantl, 2012; Jurenaite et al., 2013). 

Second, the identification (by BLAST) of a motif characteristic for lipases suggested that 

TseL may function as a putative antiprokaryotic effector. Similar indicators for toxic 

effector proteins were found for VasX and VgrG-3. This led us to hypothesize that 

TsiV1, TsiV2, and TsiV3 protect C6706 from TseL, VasX, and VgrG-3, respectively. To 

test this hypothesis, I created in-frame deletion mutants V52!vasX!vgrG-3, 

V52!tseL!vgrG-3, and V52!tseL!vasX that each encode only one of the three genes 

tseL, vasX, or vgrG-3. Subsequently, I exposed C6706 mutants that encode one or none 

of the three genes tsiV1, tsiV2, or tsiV3 to the V52 mutants and tested which immunity 

protein-encoding gene protects C6706 from V52 equipped with one of the three effectors. 

First, wild-type C6706, C6706!tsiV1!tsiV2!tsiV3, and the three C6706 mutants 

with one immunity protein-encoding gene each were exposed to wild-type V52 (Figure 2-

5 left panel). The lack of tsiV1-3 reduced the numbers of surviving C6706 by > 10,000 

fold. C6706!tsiV2!tsiV3 or C6706!tsiV1!tsiV2 were killed at levels similar to that of 

C6706!tsiV1!tsiV2!tsiV3. C6706!tsiV1!tsiV3 was recovered at about 10 fold higher 

numbers than C6706!tsiV1!tsiV2!tsiV3. These results indicated that full protection of 

C6706 from a V52-mediated attack requires the presence of multiple tsiV genes and that 

C6706 mutants encoding only tsiV1 or tsiV3 are less protected than the mutant that only 

encodes tsiV2. 
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Figure 2-5 TsiV1, TsiV2, and TsiV3 protect from TseL, VasX, and VgrG-3, respectively. 

A competition assay of V52 effector mutants (top) against immunity mutants of C6706 
(bottom) at a 10:1 ratio was performed. The logarithm of the number of surviving wild-
type or mutant C6706 colony-forming units is shown on the y axis. White, black, and 
grey bars represent C6706 containing all three, one, or no immunity protein-encoding 
genes, respectively. In-frame gene deletions are indicated by an empty rectangle. 
Triangles indicate toxic activity of individual T6SS effectors. Arrows highlight protection 
from the effector by its cognate immunity gene. Log-transformed data of two 
independent experiments, each performed in duplicate, are the basis for the arithmetic 
mean and the s.d. shown as bars and error bars, respectively. Stars indicate statistical 
significance (unpaired, two-tailed Student’s t-test: *P<0.05; ***P<0.0005; NS, P>0.05).  
Reprinted by permission from Macmillan Publishers Ltd: Nature Communications, 
Unterweger et al., 2014, copyright 2014. 
 
 

 

Next, we exposed the same set of C6706 mutants and wild-type C6706 to V52 

lacking vasX and vgrG-3 but encoding tseL. A C6706 mutant lacking all three tsiVs 

survived by 10 fold less than wild type C6706, indicating that one of the tsiVs is 

mediating immunity to this V52 mutant. Comparing the number of surviving C6706 

mutants encoding one of three tsiVs, only the presence of tsiV1 restored immunity to V52 

comparable to parental C6706 whereas the presence of tsiV2 or tsiV3 did not show any 

protective effect. This result suggests that TsiV1 protects from a TseL-mediated attack. 
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In a similar way, the indicated C6706 mutants were exposed to V52 encoding 

vasX but not tseL or vgrG-3. C6706 lacking all tsiVs was recovered about 2-fold less than 

C6706 wild-type, indicating that a lack of tsiVs renders C6706 susceptible to V52-

mediated killing. When comparing the C6706 mutants encoding one immunity gene at a 

time, the mutant encoding tsiV2 was recovered at a number similar to that of C6706 wild-

type, whereas mutants encoding tsiV1 or tsiV3 were not. This observation suggests that 

TsiV2 inhibits VasX-mediated killing. 

Last, wild-type C6706 or its immunity mutants were exposed to V52 encoding 

only vgrG-3. C6706 deficient in all three tsiVs was recovered by over 10 fold less than 

C6706 wild-type. C6706 encoding tsiV3 but not tsiV1 or tsiV2 was recovered at a level 

similar to that of C6706 wild-type. This finding indicated that TsiV3 specifically inhibits 

VgrG-3. 

C6706 mutants exposed to V52 lacking tseL, vasX, and vgrG-3 were all recovered 

at about 108 colony forming units per killing spot, similar to C6706 wild-type. This 

suggests that the previously observed killing of C6706 mutants lacking all three tsiVs was 

mediated based on the presence of tseL, vasX, or vgrG-3.  

In summary, we tested if the TsiVs protect from killing mediated by TseL, VasX 

or VgrG-3. My results suggest that immunity proteins protect against their cognate 

effectors encoded upstream. 

 

2.2.6 TseL, VasX, and VgrG-3 are required for killing of E. coli and maintaining 

structural integrity of the T6SS  

To further explore the role of tseL, vasX, and vgrG-3 for T6SS-mediated killing, I 

tested their requirement for V52 to kill E. coli. At the time, the best characterized T6SS 

effector was VgrG-1 with antieukaryotic activity. In addition to its role as an effector, 

VgrG-1 was also known to contribute to the structural integrity of the T6SS, because a 

vgrG-1 deletion mutant of V52 secreted less Hcp than wild-type V52 (Pukatzki et al., 

2007). To test if TseL, VasX, and VgrG-3 also contribute to the structural integrity of the 

T6SS, I analyzed the Hcp secretion profile of deletion mutants lacking tseL, vasX, and 

vgrG-3.  
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In-frame single gene deletion mutants of the genes tseL, vasX, and vgrG-3 were 

created in strain V52 in addition to the mutants V52!tseL!vasX, V52!tseL!vgrG-3, 

V52!vasX!vgrG-3 and V52!tseL!vasX!vgrG-3 I created for previous experiments (see 

section 2.2.5). All of these mutants were tested for their ability to kill E. coli in a killing 

assay.  

Wild-type V52 kills E. coli whereas V52!vasK does not, as shown previously 

(MacIntyre et al., 2010) (Figure 2-6). Mutants of V52 lacking either vasX or tseL killed 

E. coli at levels similar to that of wild-type V52, whereas a vgrG-3-deficient mutant 

killed E. coli at a 10-fold lower level than that of wild-type V52 (Figure 2-6). The double 

deletion mutants lacking the two genes vasX and tseL killed at higher levels than the 

double mutants in which vgrG-3 is knocked out in combination with either vasX or tseL. 

When exposed to the triple deletion mutant, V52!tseL!vasX!vgrG-3, E. coli survived at 

a number similar to E. coli survival after exposure to V52!vasK, indicating that no 

killing occurred upon deletion of tseL, vasX, and vgrG-3.  

To investigate whether the genes tseL, vasX, and vgrG-3 contribute to a functional 

T6SS, I analyzed Hcp secretion. Hcp forms the inner tube of the secretion system and its 

detection in culture supernatant is considered the hallmark of a functional T6SS (Pukatzki 

et al., 2006).  

I collected the pellets and supernatants of wild-type V52, V52!vasK, V52!vasX, 

V52!vgrG-3, V52!tseL, V52!vasX!vgrG-3, V52!vasX!tseL, V52!tseL!vgrG-3 and 

V52!vasX!vgrG-3!tseL. The proteins of the individual samples were separated by size 

using SDS polyacrylamide gel electrophoresis (SDS PAGE) and blotted onto 

nitrocellulose membranes for detection with antibodies. DnaK is a cytoplasmic protein 

that was detected as a loading control in the pellet and as a control for the detection of 

proteins in the supernatant due to cell lysis and inactive secretion.  
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Figure 2-6 TseL, VasX, and VgrG-3 are required for killing of E. coli and Hcp secretion. 
(A) Survival of rifampicin-resistant E. coli was determined by enumerating CFU 
following exposure to the indicated rifampicin-sensitive predator (listed on the x-axis). 
These data represent two independent experiments performed in technical duplicate. 
Error bars indicate the standard deviation. (B) V52ΔvgrG-3ΔtseL secretes Hcp. Pellet and 
supernatant samples were prepared using mid-logarithmic cultures of the strains indicated 
at the top of the blot. Samples were subjected to SDS-PAGE followed by western 
blotting with Hcp and DnaK (loading and lysis control, respectively) antibodies. 
Molecular weight is noted to the left of the blot. These data represent three independent 
experiments. 
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As expected, wild-type V52 expressed and secreted Hcp, whereas the vasK 

deletion mutant expressed but did not secrete Hcp (Figure 2-6). V52 with single deletions 

of vasX, vgrG-3, or tseL secreted Hcp. The lack of vasX or vgrG-3 reduced Hcp secretion 

(Figure 2-6, Figure 9-1). Reduced levels of Hcp secretion were detected in the V52 

double mutants that lack vgrG-3 or vasX in addition to tseL. In the supernatant sample of 

mutants lacking vasX and vgrG-3 or all three effector-encoding genes, no Hcp was 

detected. One possible explanation for this phenotype could be a mechanism that 

guarantees effector loading prior to ejection. DnaK was not detected in any supernatant 

sample, indicating that the samples were prepared properly and Hcp detected in the 

supernatant was the result of an active T6SS and not of cell lysis.  

The results of the western blot analysis to monitor Hcp secretion suggest that tseL, 

vasX, and vgrG-3 are required for a fully functional T6SS apparatus. This needs to be 

considered when interpreting the role of these genes in T6SS-mediated killing of E. coli. 

Because the effects of the gene deletions on Hcp secretion differ from their effects on E. 

coli killing, it seems likely that the proteins encoding the genes tseL, vasX, and vgrG-3 

function as antiprokaryotic effectors, beyond being required for the structural integrity of 

the T6SS. Mutants with catalytically inactive alleles of the effector protein-encoding 

genes could be used to test the effector activity independent of the role of the effector for 

the structural integrity of the T6SS.  

 

2.3 Discussion 

The three genes identified in this work, tsiV1, tsiV2, and tsiV3 (Figure 2-7), are 

required for V. cholerae strain C6706 to be immune to a T6SS-mediated attack of the V. 

cholerae strain V52. Each gene depends on the nucleotide sequence of the gene encoded 

upstream to mediate protection. Further analysis revealed that TsiV1, TsiV2, and TsiV3 

protect against TseL, VasX, and VgrG-3 proteins, respectively. No cross-immunity was 

observed. V. cholerae V52 genes tseL, vasX, and vgrG-3 were shown to be necessary for 

E. coli killing and for the structural integrity of the V52 T6SS. 

Based on the genetic analysis, my results suggest that TseL, VasX, and VgrG-3 

are T6SS effector proteins required for bacteria-bacteria killing. This work complements 
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the biochemical analysis of these proteins and their antiprokaryotic activity performed by 

Sarah Miyata and Teresa Brooks in our laboratory and by other groups (Brooks et al., 

2013; Dong et al., 2013; Miyata et al., 2013; Russell et al., 2013). Sarah Miyata revealed 

that VasX disrupts the inner membrane potential of target bacteria and proposed a model 

in which VasX acts as a pore-forming effector (Miyata et al., 2013). Teresa Brooks 

showed in a zymogram that VgrG-3 has peptidoglycan-degrading activity (Brooks et al., 

2013). T6SS effectors with peptidoglycan-degrading activities are also found in other 

bacterial species in which they were characterized in depth as amidases, glycosidases, 

and muramidases (Russell et al., 2011; Russell et al., 2014a). TseL belongs to a group of 

T6SS effectors with lipase activity (Dong et al., 2013; Russell et al., 2013). In summary, 

TseL, VasX, and VgrG-3 target structures in the periplasm of target bacteria which leads 

to cell lysis. Some effectors like VasX also have been described to have antieukaryotic 

activity (Miyata et al., 2011). Lipase effectors of P. aeruginosa were shown to activate 

the Akt/PI3K pathway in HeLa cells (Jiang et al., 2014). Possible antieukaryotic activity 

of TseL requires further attention. 

This variety of T6SS effectors is specifically inhibited by immunity proteins, 

which I identified in a transposon screen. How immunity proteins protect from T6SS 

effectors was further tested by Teresa Brooks, who showed that TsiV3 directly binds 

VgrG-3 using size exclusion chromatography. Furthermore, T. Brooks showed that 

TsiV3 inhibits the peptidoglycan-degrading activity of VgrG-3 by measuring the percent 

cell lysis of bacteria with a permeabilized outer membrane treated with or without 

purified TsiV3 in addition to purified VgrG-3 (Brooks et al., 2013). These findings were 

further supported by Zhang and colleagues who cocrystallized the C-terminal end of 

VgrG-3 in complex with a TsiV3 dimer and identified single amino acids within TsiV3 

required for the dimerization and subsequently for protection from VgrG-3 (Zhang et al., 

2014). Altogether, immunity proteins directly bind T6SS effectors to inhibit their toxic 

function. 

Independently, Tao Dong also identified the genes with the locus tag VC1419, 

VCA0021, and VCA0124 that encode immunity proteins and introduced the 

nomenclature tsiV1 (T6SS immunity gene in V. cholerae 1), tsiV2, and tsiV3, 

respectively, that we have adopted (Dong et al., 2013). Tao Dong identified tsiV1-3 by 
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transposon mutagenesis and subsequent deep sequencing of the transposon mutants 

(Dong et al., 2013). Therefore, he prepared transposon mutant libraries of the strain V52 

with a functional T6SS and of the strain V52!hcp-1!hcp-2 with a dysfunctional T6SS. 

After growing the transposon mutants overnight at 37 ºC, the number of surviving 

mutants with a transposon insertion in a respective gene was quantified by deep 

sequencing of the transposon insertion junctions. Mutants with transposon insertions in 

tsiV1, tsiV2, and tsiV3 were detected only in V52!hcp-1!hcp-2 with a dysfunctional 

T6SS but not in wild type V52 because a lack of immunity proteins TsiV1, TsiV2 or 

TsiV3 renders bacteria susceptible to T6SS-mediated killing by neighbouring bacteria 

that have a functional T6SS. Tao Dong’s results confirm our results and validate our 

experimental approach of, first, screening for C6706 transposon mutants susceptible to a 

T6SS-mediated attack of bacteria from the strain V52, and second, identifying the 

effector protein-encoding genes nearby. However, there are a number of limitations to 

our approach for identifying T6SS effector and immunity proteins, three of which I 

discuss in detail. First, immunity proteins encoded in the genome outside of the T6SS 

gene cluster would have been missed in our candidate approach that only focused on 

genes withinin the T6SS clusters. Second, we identified TsiV1, TsiV2 and TsiV3 because 

their cognate effectors TseL, VasX and VgrG-3, respectively, are toxic to C6706. T6SS 

effectors that are not toxic to C6706, for example because C6706 lacks the substrate for 

the effector, but are toxic to bacteria of other species that have the substrate would have 

not been detected in our screen. Third, the dual function of T6SS proteins as effectors and 

structural components complicates the validation of effector proteins in killing assays. 

For example, reduced killing cannot be clearly attributed to either lost T6SS effector 

function or to an overall decrease in T6SS formation. For these reasons, we missed the 

antiprokaryotic T6SS effector encoded by tseH (VCA0285) (Altindis et al., 2015). TseH 

is located outside of the T6SS gene clusters. Altindis and colleagues identified TseH in 

the culture supernatant of the V. cholerae strain 2740-80 but not in the supernatant of a 

mutant without a functional T6SS. TseH is predicted to have peptidoglycan-degrading 

activity and is required for killing of E. coli (Altindis et al., 2014; Shneider et al., 2013). 

In addition to TseH, the effectors TseL, VasX and VgrG-3 were detected in the culture 

supernatant of V. cholerae 2740-80 (Altindis et al., 2015). 



64 
 

 

Figure 2-7 Dual regulatory profile of T6SS immunity protein-encoding genes. 

Schematic representation of the V. cholerae T6SS gene clusters. Toxin-encoding genes 
are shown in red and immunity protein-encoding genes are shown in yellow. Promoters 
upstream of the individual T6SS clusters are indicated by arrows. Regions with promoter 
activity that drive expression of immunity protein-encoding genes are indicated in grey 
below arrows. 
 
 

An additional result from our transposon screen was the dual regulation of T6SS 

immunity protein-encoding genes. Sarah Miyata further defined a region within vasX that 

contains an internal promoter region driving the expression of tsiV2 under conditions in 

which the genes encoding structural and effector proteins of the T6SS are not expressed 

(Miyata et al., 2013). In addition to this internal promoter, the promoter upstream of hcp 

drives expression of all T6SS genes in the auxiliary cluster, including tsiV2 (Bernard et 

al., 2011). The ability to not employ a functional T6SS and to maintain the expression of 

immunity proteins has at least three advantages. First, T6SS components are 

immunogenic (Ma and Mekalanos, 2010). To avoid secretion of T6SS components in 

situations where it is not needed may provide a strategy to hide from the immune system 

during infection. Second, bacteria like P. aeruginosa react to a T6SS-mediated attack of 

V. cholerae with a counterattack that might end up deadly for the V. cholerae bacterium 

itself (Basler et al., 2013). To avoid disturbing other bacteria can protect a microbe from 

a microbial counterattack. Third, the dual regulation of the T6SS enables V. cholerae to 

live in a mixed population of V. cholerae bacteria of which  some  but  not  all  engage  in 
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T6SS-mediated killing. The T6SS activity of V. cholerae has been described as 

“nondirectional” (Basler et al., 2013). Expression of immunity proteins could protect a 

subpopulation of V. cholerae bacteria that might save energy by not having an active 

T6SS. Having a subpopulation with an active T6SS could potentially protect the whole 

population. These scenarios indicate how the dual regulation of T6SS proteins can be 

advantageous. Differences in expression levels between individual T6SS immunity 

protein-encoding genes have been observed in V. cholerae colonizing the small intestine 

of infant rabbits (Fu et al., 2013). Even though C6706 represses its T6SS under 

laboratory conditions (MacIntyre et al., 2010; Zheng et al., 2010), the T6SS immunity 

protein-encoding genes are expressed in bacteria of the strain C6706 under laboratory 

conditions. It would be interesting to explore the regulatory network of C6706 T6SS 

immunity protein-encoding genes to find conditions under which they are not expressed. 

Dual regulation of immunity-protein encoding genes is not universally found among 

bacteria with a T6SS. In Salmonella enterica serovar Typhimurium, the T6SS effector 

and immunity protein encoding genes are both repressed under laboratory conditions by 

histone-like nucleoid structuring (H-NS) proteins (Brunet et al., 2015). 



66 
 

 

Figure 2-8 T6SS-mediated competition between bacteria of the strains V52 and C6706. 

Two V. cholerae strains, C6706 and V52, exemplify the dual regulatory profile of the 
T6SS system. In the T6SS-off state, C6706 expresses only the T6SS immunity proteins 
(first panel). In contrast, V52 expresses structural, effector, and immunity T6SS proteins, 
the latter of which provide protection from T6SS-active kin bacteria (second panel). 
When T6SS-active V52 come in contact with C6706 in the T6SS-off state, C6706 is 
protected from a T6SS-mediated attack without engaging in T6SS-mediated virulence 
(third panel). C6706 succumbs to killing by V52 when immunity genes are removed or 
not expressed (fourth panel). 
 
 

 

These findings advance our understanding of the mechanistic basis of T6SS-

mediated antiprokaryotic killing (Figure 2-8). V. cholerae of the strain C6706 express 

immunity proteins but do not employ an active T6SS under laboratory conditions, thus 

C6706 bacteria peacefully coexist (Panel 1). V. cholerae of the strain V52 translocate 

T6SS effector proteins into each other and these effector proteins are inhibited by 

immunity proteins and allow the bacteria to also peacefully coexist (Panel 2). The 

expression of immunity proteins protects C6706 when exposed to bacteria of the strain 

V52 with an active T6SS (Panel 3). Deletion of C6706 immunity proteins results in 

T6SS-mediated unidirectional killing of C6706 by bacteria of the strain V52 (Panel 4). 
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Chapter 3 

V. cholerae employs its T6SS for intraspecific competition 

among environmental isolates  
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Sosa, D. Silva, J. Duran-Gonzalez, D. Provenzano and S. Pukatzki, Constitutive type VI 
secretion system expression gives Vibrio cholerae intra- and interspecific competitive 
advantages. PLoS One, 2012. 7(10):e48320. 
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Daniele Provenzano provided Figure 3-1, Maya Kitaoka provided Figure 3-3, and Sarah 
Miyata provided Figure 3-4. 
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3 V. cholerae employ a T6SS for intraspecific competition among environmental 

isolates 

3.1 Introduction 

V. cholerae is abundant in the aquatic environment. In addition to multiple V. 

cholerae strains, the aquatic environment harbors a wide variety of related bacterial 

species such as Vibrio harveyi (Austin and Zhang, 2006), Vibrio communis (Chimetto et 

al., 2011), and Pseudoalteromonas phenolica sp. (Isnansetyo and Kamei, 2003). 

So far, the T6SS of V. cholerae has been mainly studied in clinical isolates of V. 

cholerae, like the O37 serogroup strain V52 and the O1 serogroup strain C6706. The 

T6SS gene cluster, however, is not only found in the genomes of clinical isolates but in 

all yet sequenced genomes of V. cholerae strains independent of their source of isolation 

(Boyer et al., 2009). V. cholerae strains SCE226 and SCE223 isolated from the 

environment in Calcutta (India) have a functional T6SS under laboratory conditions and 

were not yet tested for their ability to kill other bacteria (Faruque et al., 2003a; Pukatzki 

et al., 2006). We hypothesized that freshly isolated V. cholerae strains from the Rio 

Grande Delta employ a functional T6SS to kill other bacteria.  

 

Figure 3-1 Map indicating the sample sites of Rio Grande V. cholerae. 
Geographic map of Brownsville and the Rio Grande outfall into the Gulf of Mexico. 
Sample site 21 of isolates DL2111 and DL2112 close to the city Brownsville is indicated 
in red. Sample site of isolates DL4211 and DL4215 close to the river is indicated in blue. 
 
 

The Rio Grande Delta at the border between Texas (USA) and Mexico contains 

environmental V. cholerae and is an accessible area to take fresh isolates. Daniele 
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Provenzano and colleagues took samples from two separate locations proximal and distal 

to the outfall of the river (Figure 3-1). These Rio Grande Vibrio cholerae (RGVC) 

isolates provide the basis for our following analysis in which we investigate the activity 

and antibacterial properties of their T6SS.   

 

3.2 Results 

3.2.1 RGVC isolates exhibit T6SS-mediated antimicrobial properties 

The V. cholerae O37 serogroup strain V52 derived from a clinical isolate was 

previously shown to use its T6SS to kill E. coli and Salmonella Typhimurium (MacIntyre 

et al., 2010) among other Gram-negative species. To determine the role of the T6SS in 

microbial competition of environmental strains, we tested V. cholerae isolated from two 

different sites of the Rio Grande: isolates from the river close to the city of Brownsville, 

and isolates from the river outfall into the Gulf of Mexico (Figure 3-1). We noticed that 

the isolates taken close to the city lack the O-antigen found in the outer membrane of 

Gram-negative bacteria. Such strains are described as “rough” and contain an altered 

lipopolysaccharide (LPS) core oligosaccharide with no O-antigen attached (De et al., 

2004). Such a condition was also observed among isolates from hospitalized patients with 

diarrhoea(Mitra et al., 2001) and is most likely due to pressure by phages that use LPS as 

their receptor. We assessed the T6SS of two separately isolated but genetically identical 

isolates DL2111 and DL2112 (as determined by deep sequencing [Illumina platform] of a 

polymorphic 22 kb fragment [Genbank accession numbers JX669612 and JX669613]) to 

minimize the chance of phenotypic variation due to genetic exchange.  
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Figure 3-2 Ability of RGVC isolates to kill E. coli. 

RGVC isolates were tested for their ability to engage in T6SS-mediated prokaryotic 
killing. V52 and V52!vasK were used as virulent and avirulent controls, respectively. V. 
cholerae and E. coli were mixed in a 10:1 ratio and incubated for 4 hours at 37 ºC. 
Bacterial spots were resuspended, serially diluted, and plated on E. coli-selective media 
to determine the number of surviving E. coli. The averages and standard deviations of 
two independent experiments, each performed in duplicate, are shown. 
 

To determine whether environmental RGVC are capable of killing bacteria, I 

performed an E. coli killing assay (Figure 3-2). RGVC isolates and the E. coli strain 

MG1655 were spotted on LB nutrient agar plates, and the number of surviving MG1655 

cells was determined after a 4 hour incubation at 37 °C. V52 and V52!vasK were used as 

virulent and avirulent controls, respectively. The presence of V52 resulted in an average 

~ 5-log reduction of viable E. coli. The isolates DL4211 and DL4215 killed E. coli at 

levels comparable to V52 (Figure 3-2). In contrast, both isolates DL2111 and DL2112 

were unable to kill E. coli prey. In summary, RGVC isolated at the river outfall readily 

killed E. coli while RGVC isolated next to Brownsville appeared to be attenuated. 
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3.2.2 Expression of Hcp in RGVC isolates  

Next, we set out to test whether RGVC isolates were able to produce and secrete 

the T6SS hallmark protein Hcp, because experimental results presented thus far 

suggested that V. cholerae’s ability to kill bacterial competitors could be mediated by the 

T6SS. As shown in Figure 3-3, isolates DL4211 and DL4215 produced Hcp at sufficient 

levels to be detected by western blots probed with Hcp antiserum. In contrast, isolates 

DL2111 and DL2112 did not produce or secrete Hcp. The presence of Hcp correlated 

with virulence as the isolates DL4211 and DL4215 secreted Hcp (Figure 3-3) and killed 

E. coli (Figure 3-2), while isolates DL2111 and DL2112 did not produce Hcp and did not 

kill E. coli. Because DL2111 and DL2112 lack an active T6SS, we used the strains with 

an active T6SS, DL4211 and DL4215, in subsequent experiments.  

 

 

Figure 3-3 RGVC isolates differ in T6SS regulation. 
Indicated RGVC isolates and V52 (positive control) were cultured to midlogarithmic 
phase of growth followed by centrifugal separation of pellets and culture supernatants. 
Supernatant portions were concentrated by TCA precipitation and both fractions were 
subjected to SDS-PAGE followed by western blotting using the antibodies indicated. 
Experiments were repeated at least three times with similar results. 
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3.2.3 T6SS-active RGVC isolates use their T6SS to compete with environmental 

isolates of other species and genera 

Because RGVC isolates with active T6SSs kill E. coli, we hypothesized that 

RGVC isolates use their T6SS to compete with other bacteria in their environmental 

niche. To test this hypothesis, we isolated three environmental bacterial non-V. cholerae 

strains from estuaries where the Rio Grande meets the Gulf of Mexico. Sequencing of 

16S-rRNA identified these bacterial species as Vibrio communis, Vibrio harveyi, and 

Pseudoalteromonas phenolica. We then tested whether DL4211 and DL4215 were able 

to kill these environmental bacteria in a T6SS-dependent fashion. As shown in Figure 

3-4, both DL4211 and DL4215 killed all three environmental isolates. The observed 

killing required a functional T6SS, as vasK deletion mutants lost their ability to kill. 

Killing of the environmental bacteria was restored by complementing the vasK mutant 

backgrounds with episomally expressed vasK in trans. Therefore, we propose that 

constitutive expression of T6SS genes provides some RGVC isolates with the means to 

kill bacteria of species and genera other than Vibrio. 
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Figure 3-4 RGVC isolates kill bacterial neighbours. 

V. cholerae and prey bacteria were mixed at a 10:1 ratio and incubated on ! YTSS agar 
for 4 hours at 30 ºC. Bacterial spots were resuspended, serially diluted, and plated on 
selective YTSS agar to determine the number of surviving prey. The average and 
standard deviations of three independent experiments, each performed in duplicate, are 
shown. 
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3.2.4 RGVC isolates with an active T6SS engage in intraspecific competition  

As RGVCs killed close relatives such as V. harveyi (Figure 3-4), we wondered if 

the RGVC isolates have the ability to kill each other. To test this hypothesis, we mixed 

V52, DL4211, and DL4215 (predators) with four different RGVC isolates as prey 

bacteria. To eliminate the killing activity of T6SS+ prey, we used vasK-deficient mutants 

with a disabled T6SS as prey. DL2111 and DL2112 wild-type RGVC isolates were used 

as prey since they do not express Hcp (Figure 3-3) and are thus T6SS-negative. 

Following a 4-hour coincubation, we determined the number of surviving prey. T6SS-

negative prey bacteria were not killed by their isogenic T6SS+ parent strain, but were 

killed by other T6SS+ isolates (Figure 3-5). Exposure to a predator with a disabled T6SS 

resulted in ~ 108 surviving prey bacteria. Similar numbers of surviving prey were 

obtained when the prey were mixed with an isogenic strain that was marked with a 

different antibiotic resistance cassette. Thus, killing of T6SS-negative prey required a 

functional T6SS. Surprisingly, the vasK mutant of DL4215 displayed virulence toward 

V52!vasK, but not against DL4211!vasK or a differently marked DL4215!vasK kin 

strain (Figure 3-5). Since DL4215!vasK does not kill V. communis, V. harveyi, or P. 

phenolica (Figure 3-4), we hypothesize that DL4215 exhibits selective T6SS-independent 

antimicrobial activity against V52!vasK (and probably V52). 

In conclusion, V. cholerae uses its T6SS not solely for competition with bacteria 

of other species and genera (Figure 3-4) but also for competition within its own species 

(Figure 3-5). 
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Figure 3-5 T6SS-dependent competition among V. cholerae isolates. 

(A–C) T6SS-active V. cholerae isolates successfully competed with each other and 
outcompeted the isolates DL2111 and DL2112 in a T6SS-dependent manner. All 
combinations among the isolates and their isogenic vasK mutants were tested in a 
killing assay: Predator- and prey-V. cholerae were mixed in a 10:1 ratio and incubated 
for 4 hours at 37 ºC. Bacterial spots were resuspended, serially diluted, and plated on 
selective media to determine the number of surviving prey. The number of surviving 
prey in the presence of T6SS+ or T6SS- predator are shown.  
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3.3 Discussion 

We used environmental isolates to characterize the V. cholerae T6SS activity 

against bacteria of the same and other species V. cholerae may encounter in 

environmental reservoirs (Figure 3-6). We observed that some but not all of the 

environmental V. cholerae isolates have an active T6SS under laboratory conditions. 

These observations support previous findings on the T6SS activity of environmental 

isolates from India (Pukatzki et al., 2006). V. cholerae isolates with an active T6SS were 

shown to engage in T6SS-mediated bacterial killing of E. coli and environmental isolates 

of other Vibrio species. Unlike previously tested V. cholerae strains, the environmental V. 

cholerae isolates were not immune to a T6SS-mediated attack of bacteria of the strain 

V52, and I demonstrated that they engage in T6SS-mediated intraspecific competition. 

 

Figure 3-6 T6SS-mediated microbial competition of environmental V. cholerae isolates. 

Strain names for V. cholerae and species names for other bacteria are indicated below the 
graphical depiction of bacteria. Arrows between cells indicate T6SS-mediated killing in 
the direction of the killing. Stars indicate a putative T6SS-independent killing 
mechanism. 

 

The observation that some but not all of the environmental V. cholerae isolates 

have an active  T6SS under laboratory conditions further  exemplifies  the  strain-specific 
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differences in the regulation of the T6SS gene cluster that is encoded in the genomes of 

all strains sequenced to date (Boyer et al., 2009). Maya Kitaoka further characterized the 

same V. cholerae isolates with an inactive T6SS and found a frameshift mutation at 

position 157 of vasH (Unterweger et al., 2012). VasH is encoded in the large T6SS gene 

cluster and required for T6SS gene expression by recruiting sigma factor 54. M. Kitaoka 

tried to activate the T6SS of the isolates DL2111 and DL2112 by expressing vasH from 

bacteria of the strain V52 in trans. Subsequently, she could restore Hcp expression but 

not secretion, indicating that further experiments on the regulation of the T6SS in V. 

cholerae strains with an active T6SS need to be conducted to determine the cause(s) of 

the lost T6SS gene expression and activity in isolates like DL2111 and DL2112 

(Unterweger et al., 2012).  

In addition to the differences in T6SS activity between isolates DL2111, DL2112 

and DL4211, DL4215, the latter two isolates differ in their site of isolation and in their O-

antigen. We can speculate about links between these phenotypes. V. cholerae, like 

DL2111 and DL2112 that lack their O-antigen, are less immunogenic during infection 

(Miller et al., 1972) and thus might not require an active T6SS to fight off the immune 

system of the host. The influence of humans on the environment close to the city of 

Brownsville might stress V. cholerae to an extent to which they cannot afford an active 

T6SS. Alternatively, compared to the river outfall, the urban environment might harbor a 

lower bacterial diversity in which there is no need for interbacterial competition. These 

speculations require large sample sizes and systematic analyses to be further tested.    

The finding of T6SS-mediated killing between environmental Vibrio isolates of 

the same and other species isolated in the same environmental region strengthens the 

notion that antiprokaryotic activity is an important and physiologically relevant function 

of the T6SS. Further studies are needed to analyze T6SS-mediated killing and its 

consequences for the survival of V. cholerae in the environment. To test if T6SS-

mediated competition determines the colonization of a niche, copepods isolated from the 

environment that serve as a natural reservoir for V. cholerae (Rawlings et al., 2007; 

Tamplin et al., 1990) could be analyzed for the Vibrio species they are colonized with. 

Multiple isolates from a single copepod and from multiple copepods could be mixed in 

killing assays and tested for T6SS-mediated competition. An observation of a single 
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copepod being only colonized by isolates that peacefully coexist whereas isolates from 

different copepods outcompeting each other would support a role of the T6SS in 

colonizing a niche.  

When DL4215!vasK and V52!vasK were mixed, the latter were killed (Figure 3-

5) despite the dysfunctional T6SS in DL4215!vasK. This finding suggests a T6SS-

independent bacterial killing mechanism possibly mediated by a bacteriocin of V. 

cholerae for which examples have been described as “Vibriocins” (Israil et al., 1987). 

The presence of a bacterial killing mechanism other than the T6SS raises basic questions 

about the need and function of the T6SS in contrast to T6SS-independent bacterial killing 

mechanisms. To further characterize the T6SS-independent killing mechanism of 

DL4215, I propose experimental approaches to answer two key questions. First, what is 

the molecular mechanism of T6SS-independent killing by DL4215? The creation of a 

transposon library of the strain DL4215!vasK and a screen for a transposon insertion that 

loses the ability to kill V52!vasK could lead to the identification of a toxic effector 

protein. One limitation to this approach would be the redundancy of mutants. 

Alternatively, culture supernatants could be tested for antibacterial activity and a 

subsequent mass spectrometry analysis of the active fraction of the supernatant could 

reveal the identity of a toxic effector protein. Once the toxin(s) are identified, I suggest 

experiments to compare and contrast features of bacterial killing like target specificity, or 

contact-dependence that is required for T6SS-mediated killing and still needs to be 

characterized for the alternative killing mechanism. Second, how widespread is T6SS-

independent killing among V. cholerae strains? Given that the genes and herein encoded 

proteins required for T6SS-independent killing are identified, these sequences could be 

searched for in all sequenced V. cholerae strains in a bioinformatics approach. Such an 

analysis would provide information on the importance of such a mechanism for the whole 

species or rather for isolates from a certain location. In summary, DL4215 employs a 

T6SS-independent bacterial killing mechanism that is worth further investigation. 

Elucidation of the DL4215 bacteria killing mechanism will help us to learn more about 

the competitiveness of V. cholerae and the individual molecular mechanisms it uses to 

kill other bacteria. 
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Analysis of environmental V. cholerae isolates from the Rio Grande Delta 

revealed T6SS-mediated intraspecific competition between different isolates. This 

observation raises the question of how intraspecific competition affects the species V. 

cholerae. Considering that we have identified immunity proteins in C6706 that protect 

this strain from an attack of V52, we wonder how intraspecific competition is achieved 

mechanistically. These questions form the basis for chapter 4 of this thesis.  
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Chapter 4 

T6SS effector modules determine compatibility  

among V. cholerae strains 

 
 

 
 

 
 

 
 

Portions of this chapter have been published as 
Unterweger, D., Miyata, S.T., Bachmann, V., Mullins, T., Brooks, T., Kostiuk, B., 
Provenzano D. and Pukatzki S. , The Vibrio cholerae type VI secretion system employs 
diverse effector modules for intraspecific competition. Nature Communications, 2014. 
5:3549. 
Verena Bachmann performed killing assays shown in Figure 4-5A. Ashley Wilton 
performed the killing assays shown in Figure 4-5C. Teresa Brooks performed the 
western-blot shown in Figure 4-6A. Ben Kostiuk performed killing assays that are part of 
Figure 4-6D. Stefan Pukatzki created the phylogenetic tree shown in Figure 4-7. Travis 
Mullins performed the original anlaysis on CTX and TCP shown in Figure 4-9.   
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4 T6SS effector modules encode a diversity of V. cholerae T6SS effectors 

4.1 Introduction 

Over more than 100 years, V. cholerae bacteria have been isolated from patients 

and environmental reservoirs worldwide. The diversity of over 200 different serogroups 

among these isolates exemplifies the diversity of the species V. cholerae. 

Only O1 serogroup strains that encode the virulence factors cholera toxin (CT) 

and toxin-coregulated pilus (TCP) have caused pandemic spread of the diarrhoeal disease 

cholera (Herrington et al., 1988; Holmgren, 1981; Taylor et al., 1987). TCP biosynthesis 

genes are encoded within Vibrio pathogenicity island-1 (VPI-1). The claim that VPI-1 is 

part of a prophage (Karaolis et al., 1999) could not be confirmed (Faruque et al., 2003c). 

TCP protruding from the bacterium serves as a receptor for the filamentous bacteriophage 

CTX-% that transduces CT genes into the chromosomes of V. cholerae strains (Waldor 

and Mekalanos, 1996). The contribution of CTX-% is crucial to pathogenesis as only V. 

cholerae strains encoding CT are capable of pandemic spread (Waldor and Mekalanos, 

1996). When humans consume contaminated water, toxigenic V. cholerae passes through 

the gastric acid barrier and colonizes the small intestine (reviewed in (Almagro-Moreno 

et al., 2015)). Upon mucus penetration, V. cholerae attaches to the epithelium (Krebs and 

Taylor, 2011). Increasing concentrations of bicarbonate enhance the affinity of ToxT to 

DNA (Abuaita and Withey, 2009). ToxT activates Tcp and CT, which induces watery 

diarrhoea (DiRita et al., 1991).  Next, V. cholerae multiplies rapidly and exits the human 

host during diarrhoeal purges, (Sack et al., 2004) returning V. cholerae to the 

environment. Schild and colleagues used a modified RIVET screen to identify genes that 

are expressed during late stages of infection (Schild et al., 2007). When testing the role of 

individual genes, which were expressed late, in an infection model, only a few mutants 

showed a colonization defect whereas most of the other identified genes contribute to 

bacterial survival in stool and pond water (Schild et al., 2007). Sequence tag-based 

analysis of  microbial populations (STAMP) was recently performed by Abel and 

colleagues on V. cholerae infecting the infant rabbit (Abel et al., 2015). Differences in the 

size of the founder population at different sites of the intestine and at different time-

points during infection indicate multiple bottlenecks.  



82 
 

When analyzing V. cholerae strains from the Rio Grande river delta, we first 

noticed that V. cholerae strains compete against each other in a T6SS-dependent manner 

(Unterweger et al., 2012). Because T6SS-mediated killing happens when two bacteria are 

in direct contact with each other (MacIntyre et al., 2010), T6SS-mediated killing between 

bacteria of two strains prevents their coexistence in direct contact.We subsequently 

defined two strains that kill each other on contact as “incompatible”. In contrast, 

“compatible” strains are able to co-exist with each other in direct contact. One example is 

the compatible V. cholerae strains C6706 and V52 (MacIntyre et al., 2010). Bacteria of 

the strain C6706 employ immunity proteins to protect themselves against a T6SS-

mediated attack of bacteria from the strain V52 (Brooks et al., 2013; Dong et al., 2013; 

Miyata et al., 2013). Immunity proteins thus provide the molecular basis for compatibility 

whereas the molecular mechanism underlying incompatibility among V. cholerae strains 

remained unknown. We hypothesized that bacteria of incompatible V. cholerae strains 

employ immunity proteins that protect from an attack by bacteria of the same strain but 

fail to protect from the T6SS effectors of a V. cholerae strain that harbors different T6SS 

effectors. Additionally, we proposed that intraspecific competition is not restricted to V. 

cholerae strains isolated from the Rio Grande but rather a general phenomenon of V. 

cholerae with implications on the evolution of this species because T6SS-based 

(in)compatibility restricts physical contact and genetic exchange. To test our hypotheses, 

we performed a bioinformatics analysis on an increased sample size of V. cholerae 

strains. 
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4.2 Results 

4.2.1 Conserved T6SS gene clusters harbour diverse effector modules  

The genome of V. cholerae strain V52 contains three immunity protein-encoding 

genes tsiV1, tsiV2 and tsiV3 at the 5’end of the T6SS gene clusters auxiliary cluster 1, 

auxiliary cluster 2 and the large cluster, respectively (Brooks et al., 2013; Dong et al., 

2013; Miyata et al., 2013). The T6SS effectors are encoded in the respective genes 

upstream of the immunity protein-encoding genes. We hypothesized that the genomes of 

compatible and incompatible V. cholerae strains do not contain the same immunity 

protein-encoding genes. 

To test this hypothesis, the nucleotide sequences of the three T6SS clusters of 37 

V. cholerae strains collected from a variety of sources over the past 77 years (Table of 

bacterial strains in Chapter 8) were aligned and compared. The separate gene cluster 

encoding tseH and tsiH are not included in this analysis because they were not yet 

identified to encode T6SS effector and immunity proteins when we conducted this 

analysis. An overview over the conservation of tseH and tsiH is shown in the appendix 

(Figure 9-4). As shown in Figure 4-1, auxiliary clusters 1 and 2, and the large cluster 

were found to be highly conserved among the available V. cholerae genomes except for 

regions of high diversity and low GC content (shaded blue) that contain genes encoding 

the bacterial effectors TseL, VasX, and VgrG-3, the adaptors of the cognate cargo 

effectors, and their immunity proteins TsiV1, TsiV2 and TsiV3, respectively.  

Conserved T6SS genes contained an average GC content of ~ 51%, whereas the 

GC content in the region coding the effector immunity pairs was an average of ~ 9% 

lower (Figure 4-1) suggesting that these genes have a different origin than the remainder 

of the T6SS gene clusters and may have been acquired independently.  

We named these regions of high diversity and low GC content ‘effector modules’, 

each encoding a T6SS effector and its cognate immunity protein. The combination of all 

three effector modules in one strain comprises an effector module set.  
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Figure 4-1 T6SS effector modules are highly diverse and differ in GC content 

The boxes highlight auxiliary cluster 1 (a), auxiliary cluster 2 (b) and the large gene 
cluster (c) that encode the T6SS of V. cholerae V52. The results of a sliding-window 
analysis (with a window size of 10 nucleotides) in which the T6SS clusters of 37 V. 
cholerae strains were aligned and compared is indicated as average percent of nucleotide 
identity: 100% identity (green bars), at least 30% identity (yellow bars) and less than 
30% identity (red bars). The GC content of V. cholerae V52 T6SS-encoding genes is 
plotted as the result of a sliding-window analysis (with a window size of 40). Average 
percentage of GC content was calculated for indicated regions. The T6SS effector genes 
for bacteria–bacteria interactions are shown in black and their cognate immunity genes 
are shown in grey. Regions of high diversity and low GC content are highlighted in blue. 
Reprinted by permission from McMillan Publishers Ltd: Nature Communications, 
Unterweger et al., 2014, copyright 2014.  
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4.2.2 V. cholerae strains harbour a diversity of putative T6SS effector and immunity 

proteins 

The bioinformatics analysis among the T6SS gene clusters of multiple V. cholerae 

strains revealed a diversity of T6SS effector modules. The proteins encoded by genes 

located in these effector modules were characterized as effector and immunity proteins in 

the strain V52 (see chapter 1 and (Brooks et al., 2013)). The proteins encoded in genes in 

effector modules of other strains were previously annotated as uncharacterized, 

hypothetical proteins. We hypothesized that, like in V52, other strains encode T6SS 

effector and immunity proteins in their effector modules. 

 

Figure 4-2 Families of V. cholerae T6SS effector modules 

Effector and immunity proteins of individual families encoded in auxiliary cluster 1 (a), 
auxiliary cluster 2 (b) and the large cluster (c) are indicated by coloured boxes (box 
length is proportional to predicted protein length). The family of the effector module 
encoding the effector and immunity genes and a representative strain are shown on the 
left. Confirmed (bold type) or predicted (normal type) effector activities are shown on the 
right.  Reprinted by permission from McMillan Publishers Ltd: Nature Communications, 
Unterweger et al., 2014, copyright 2014. 
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To identify putative T6SS effectors, I extracted the longer of the two open-

reading frames in each effector module and translated the nucleotide sequence. If similar 

amino acid sequences were derived from multiple effector modules, one representative 

sequence was chosen per group. This sequence was then analyzed for conserved domains 

and homologous proteins with known function using the bioinformatics tool BLAST 

(Altschul et al., 1990). In addition, the amino acid sequence was analyzed by the online 

tool for protein modeling, prediction and analysis Phyre2 to identify proteins with 

structural similarities (Kelley et al., 2015). Figure 4-2 shows the results of our analysis. 

Genes of the effector modules encode proteins with predicted peptidoglycan degrading, 

pore-forming and lipase activity. In a few cases, no prediction could be made. In general, 

there seems to be a trend that genes found in effector modules in auxiliary cluster 1 

encode lipase effectors, genes of effector modules in auxiliary cluster 2 encode pore 

forming effectors and genes of effector modules in the large cluster encode peptidoglycan 

degrading effectors. An exemplary exception to this rule is a gene in the effector module 

of auxiliary cluster 2 of the strain AM-19226 encoding a predicted peptidoglycan-

degrading and not a predicted pore-forming effector.  

The nucleotide sequences of short and sometimes unannotated open-reading 

frames adjacent to and sometimes overlapping with putative effector-protein encoding 

genes were also translated into the amino acid sequence. The resulting proteins are of 

unknown function but share a similar length than the amino acid sequence of immunity 

proteins with known function TsiV1, TsiV2 and TsiV3. Analyses of the diversity of 

amino acid sequences encoded in the short open reading frames showed that these 

proteins are very diverse and segregate in groups similarly to the putative effector 

proteins.  

These results suggest that effector modules encode a variety of putative effector 

and immunity proteins.  

 

4.2.3 Assigning compatibility groups based on T6SS immunity proteins 

The diversity of effector modules and the therein encoded proteins caused the 

need for an intuitive way of indicating the effector module set (made up of three 
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modules) of a given V. cholerae strain. We decided to label an effector module based on 

the therein encoded immunity protein, because the ability of the immunity protein to 

protect from a given T6SS effector determines survival or death of the harboring 

bacterium when encountering a T6SS-mediated attack of another bacterium (see chapter 

2, (Unterweger et al., 2014)). Immunity proteins are expected to differ from each other if 

they inhibit a different effector protein. One example for V. cholerae strains that breach 

immunity are O1 V. cholerae strains of the classical biotype. 

To group effector modules based on similarities and differences between the 

immunity proteins, we analyzed the effector modules of one gene cluster starting with 

auxiliary cluster 1. Amino acid sequences of 37 TsiV1 immunity proteins encoded in the 

respective effector module in auxiliary cluster 1 were aligned. For each group of identical 

amino acid sequences, one representative sequence was kept for a second alignment of 

unique amino acid sequences (12/37). I then determined the homology (in percent 

identity) between the individual amino acid sequences and plotted the resulting values 

(Figure 4-3). The first column shows the percentage identity of all 12 unique amino acid 

sequences in respect to the amino acid sequence of the immunity protein encoded in a 

gene in the effector module in auxiliary cluster 1 of the strain MZO-2. As indicated by 

the blue dot, the amino acid sequence of MZO-2 is 100% identical to itself. The amino 

acid sequence of O395 differs from MZO-2 by two amino acid substitutions and the two 

sequences thus share 99.2% identity. The amino acid sequences of strains other than V52 

and O395 only share about 10% sequence identity with the sequence of the O14 

serogroup strain MZO-2 isolated from a cholera patient in Bangladesh in 2001. In 

addition to MZO-2, the same comparison was performed for the other 11 amino acid 

sequences. Because proteins sharing more than 30% amino acid identity are predicted to 

fold similarly (Rost, 1999), I then grouped sequences like the ones of MZO-2, V52 and 

O395 that share more than 30% sequence identity into one family, indicated by a box in 

Figure 4-3A. Different families were labeled with different alphabetical letters A, B and 

C. Sequences from different families share less than 30% amino acid identity in common.  
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Figure 4-3 Pairwise comparison of TsiV1, TsiV2 and TsiV3 immunity proteins encoded 
in the T6SS effector modules 

The names of the strains that harbour the analysed immunity proteins in their 
auxiliary cluster 1 (a), auxiliary cluster 2 (b) or the large cluster (c) are shown on the x 
axis and in the legend on the right. Percent sequence identity between two pairwise-
aligned amino-acid sequences is indicated on the y axis. Immunity proteins with more 
than 30% sequence identity were grouped into families (indicated by boxes). Subfamilies 
are indicated within the boxes: each dot indicates a single subfamily defined by an 
identical amino-acid sequence. One representative is shown for each subfamily. 
Reprinted by permission from McMillan Publishers Ltd: Nature Communications, 
Unterweger et al., 2014, copyright 2014. 

 

To further differentiate between the sequences within one family that are all 

labeled with the same alphabetical letter like the ones from V52 and O395, an additional 

numeric character was devoted to the alphabetical letter like A1 and A2 to indicate that 

the sequences share more than 30% but less than 100% identity. Sequences that are 100% 

identical share the same letter and the same number. The same analysis was performed 

for sequences in auxiliary cluster 2 and the large cluster. 

The labeling of these sequences with letters and numbers was then adapted as 

labeling for the whole effector module harboring the gene that encodes the respective 

immunity protein. For example, the immunity protein TsiV1 was devoted A1 in the 

analysis above. From hereon on we refer to the whole effector module encoding tsiV1 as 

A1 _ _. Subsequently, multiple identically labeled effector modules contain genes that 

encode identical immunity proteins. Effectors of identically labeled effector modules can 

display varying degrees of polymorphisms (up to 1.6% difference among the amino acid 

sequences of effectors in the module in auxiliary cluster 1, up to 4.5% differences among 

effectors in the module in auxiliary cluster 2, up to 1.8% differences among effectors in 

the large cluster).  

To determine the effector module set of an individual V. cholerae strain, we list 

the effector module families in the order of the gene clusters auxiliary cluster 1, auxiliary 

cluster 2 and the large cluster they are found in. For example, strain V52 harbors effector 

module A1 in auxiliary cluster 1, effector module A1 in auxiliary cluster 2 and effector 

module A1 in the large cluster. Subsequently, the effector module set of V52 is referred to 

as A1A1A1. 
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In summary, we made use of the similarities and differences between immunity 

proteins to classify effector modules and assign each V. cholerae strain a code 

representing its effector module set. 

 

4.2.4 Strains with different effector module sets are incompatible  

The effector module sets of V. cholerae strains revealed that some strains like 

V52 and C6706 harbor the same whereas other strains like V52 and AM-19226 harbor 

different effector module sets. We hypothesized that strains that harbor the same effector 

module set coexist and are compatible whereas strains that harbor different effector 

module sets outcompete each other and are thus incompatible. 

 

 

Figure 4-4 Hcp expression of indicated V. cholerae strains 
Strains were spotted onto an LB agar plate at a density of 108 bacteria/25 µL spot and 
incubated for 4 h at 37ºC. Cells were harvested, lysed and subject to SDS-PAGE 
followed by western-blot analysis. Levels of Hcp and DnaK in whole cell lysates are 
shown. Reprinted by permission from McMillan Publishers Ltd: Nature 
Communications, Unterweger et al., 2014, copyright 2014. 
 

To challenge our compatibility model, we co-incubated V52 (A1A1A1 effector module 

set) with T6SS-active strains (Figure 4-4) harbouring the following effector module sets: 

A1A1A1 (C6706), A3A1B1 (MZO-2), C5D3A1 (V51), C1E1A1 (MZO-3), C4E1C2 (DL4215), 

C3D2C1 (1587), C1D4F1 (AM-19226), or C6E2E1 (DL4211) (Figure 4-5). In agreement 

with our hypothesis, all A1A1A1 strains tested were able to coexist (Figure 4-5B), 

whereas non-A1A1A1 V. cholerae were effectively outcompeted by  wild-type  V52  when 
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inoculated at a 1:1 ratio (Figure 4-5A). Control experiments carried out with a V52!vasK 

in-frame deletion mutant unable to translocate effectors confirmed that killing was T6SS-

dependent (Figure 4-5A and B). To further test the compatibility model, the individual 

strains were also combined with each other in a killing assay (Figure 4-5 C). Strains that 

belong to the same compatibility groups turned out to co-exist whereas strains of 

differing compatibility groups turned out to kill each other. The O1 serogroup strain 

NCTC8457 did not behave as expected. Despite belonging to the AAA compatibility 

group, NCTC8457 does kill the strain V52 of the AAA compatibility group.   
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Figure 4-5 T6SS effector modules govern compatibility 
T6SS diversity determines competition (A) and coexistence (B). Wild-type or vasK-
deficient V52 was mixed with indicated V. cholerae strains; the mixture was incubated on 
nutrient agar for 4 h, and survival was enumerated by plating survivors on appropriate 
selective plates. The results of two independent experiments performed in duplicate are 
shown. Horizontal bars indicate the arithmetic mean of log-transformed data. Stars 
indicate statistical significance (unpaired, two tailed Student’s t-test: ***P<0.0005; NS, 
P>0.05). Reprinted by permission from McMillan Publishers Ltd: Nature 
Communications, Unterweger et al., 2014, copyright 2014. (C) Killing assays between 
the indicated strains as described above. The arithmetic mean ± SD of log-transformed 
data from two independent experiments performed in duplicate are shown. 
 

These results suggest that V. cholerae strains with the same effector module set 

co-exist and are thus compatible whereas strains that harbor different effector module sets 

outcompete each other in a T6SS-dependent manner, and are thus incompatible. 

Subsequently, we propose the analysis of effector module sets as a method to identify 

compatible V. cholerae strains, also referred to as strains of one compatibility group. We 

observed an exception to the compatibility rule. The O1 serogroup strain NCTC8457 

belongs to the AAA compatibility group but does kill another AAA strain. Further 

experiments need to reveal if this is due to a T6SS-dependent or T6SS-independent 

killing mechanism. The separation of strains into compatible and incompatible strains is 

only relevant when bacteria have an active T6SS and under conditions that permit T6SS-

dependent competition, like an agar plate and not liquid culture.  

 

4.2.5 Bi-directional killing between T6SS-active strains of different compatibility 

groups 

To further characterize the ability of two strains with different effector module 

sets to fight against each other in a T6SS-dependent manner, we tested the ability of the 

strains V52 and AM-19226 to kill each other. 

Both strains have an active T6SS under lab conditions as shown by the secretion 

of Hcp into culture supernatants (Figure 4-6A). Analysis of the anti-prokaryotic activity 

of the two strains in killing E. coli shows that V52 and AM-19226 engage in T6SS-

mediated killing. 
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When mixing bacteria of the strains V52 and AM-19226 in a killing assay at 

equal ratios following a 4-h incubation period, the number of surviving V52 is 10000 fold 

higher than the number of surviving AM-19226 (Figure 4-6C). When mixing vasK-

deficient mutants of both strains, surviving bacteria of the strains V52 and AM-19226 are 

rescued at equal numbers indicating that any differences in the ratio between the two 

strains can be attributed to T6SS-mediated killing only. When testing V52 or AM-19226 

against a vasK-deficient mutant of the respective other strain, AM-19226 is killing 

V52!vasK by 2 logs whereas V52 is killing AM-19226!vasK by 5 logs. These results 

show a difference in the ability of the individual strains V52 and M-19226 to kill V. 

cholerae that was not observed for the killing of E. coli (Figure 4-6B).  

In summary, we observe differences between V. cholerae strains to kill E. coli or 

each other. In addition, our results indicate that intraspecific competition between two 

T6SS active strains is bidirectional, because, even though bacteria of the strain V52 are 

surviving at 10,000 fold higher numbers than AM-19226, bacteria of the strain V52 

survive by one more log after exposure to AM-19226!vasK than to AM-19226 wild-

type.  

To test the influence of the input ratio between V52 and AM-19226 on the 

outcome of the killing assay, we performed killing assays on V52 and AM-19226 mixed 

at equal total numbers but different input ratios ranging from 1/100 to 100/1 (Figure 

4-6D). 
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Figure 4-6 T6SS-mediated killing between two strain of different compatibility groups 
(A) Strains were grown in liquid LB broth to mid-logarithmic phase under laboratory 
conditions. After centrifugation, pellets and supernatants were analysed by western-
blotting with polyclonal rabbit anti-Hcp antiserum and monoclonal mouse anti-DnaK 
antibody. (B) A competition assay of V. cholerae strains V52 and AM-19226 (wild-type 
and !vasK mutants) against E. coli at a 10:1 ratio. The results of two independent 
experiments that were each performed in duplicate are shown. Horizontal bars represent 
the arithmetic mean of log-transformed data. Error bars indicate the standard deviation. 
Stars indicate statistical significance (unpaired, two-tailed student’s t-test: t6=19.75, 
P<0.0001 and t6=38.55, P<0.0001). (C-D) Wild-type or vasK-deficient V52 was mixed 
with wild-type or vasK-deficient AM-19226 at a ratio of 1:1 (C) or at various ratios as 
shown on the x axis (D). The logarithm of the competitive index of AM-19226 over V52 
after 4 h coincubation is shown on the y axis. Horizontal bars indicate the arithmetic 
mean of log-transformed data based on two independent experiments, each performed in 
duplicate. Stars indicate statistical significance (unpaired, two-tailed Student’s t-test: 
***P<0.0005). Error bars indicate the s.d. of log-transformed data. 
 

 

Independent of the input ratio, AM-19226"vasK mixed with V52"vasK was always 

recovered at around a ratio 1:1 after 4 hour co-incubation.  When mixing bacteria of both 

wild-type strains, more V52 was recovered than AM-19226 until an input ratio of about 

1/5   when they   were   recovered   at   equal  ratios.  For  ratios  smaller  than  1/5,  more 
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about 1/5 when they were recovered at equal ratios. For ratios smaller than 1/5, more 

AM-19226 was recovered. When analyzing unidirectional killing, the ratio of AM-19226 

over V52!vasK needed to be at least 1/2.5 for AM-19226 to be recovered at higher 

numbers. Bacteria of the strain V52 were recovered at higher numbers than AM-

19226!vasK when mixed with each other at a ratio as low as 1/10.  

These results suggest that the input ratio influences the competitive outcome of 

T6SS-mediated intraspecific competition. During the analysis of unidirectional killing, 

we observed strain-specific differences in the magnitude of T6SS-mediated killing and 

the ratios at which a given strain was able to outcompete another strain.  

 

4.2.6 T6SS effector modules show hallmarks of horizontal gene transfer 

In the previous experiments, we established a concept of compatibility and 

incompatibility between V. cholerae strains based on T6SS-mediated killing. We then 

hypothesized that the ability or inability to co-exist with each other is reflected in the 

phylogeny of compatible and incompatible strains. 

To test this hypothesis we built a phylogenetic tree of the 37 analyzed V. cholerae 

strains based on six polymorphic housekeeping genes (Boucher et al., 2011) (Figure 4-7). 

We added the information on the compatibility group for each strain and compared 

compatibility group membership to relatedness between strains. Strains like Amazonia 

and TM11079-80 derive from the same recent common ancestor and are closely related. 

They belong to the same compatibility group. The O1 serogroup strain 12129(1), which 

was isolated form an environmental sample in Australia in 1985, and the O1 serogroup 

strain LMA3984-4, which was isolated from the environment in Brazil in 2007, are also 

derived from the same recent common ancestor but represent different compatibility 

groups. This observation led us to conclude that two V. cholerae strains can harbor 

different effector module sets of which maximally one can be derived from the recent 

common ancestor of both strains.  
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Figure 4-7 Phylogenetic relationship of V. cholerae strains with a variety of T6SS 
effector module sets.  

A neighbour-joining phylogenetic tree (bootstrap=100) of the 37 V. cholerae strains 
analysed based on the six housekeeping genes adk, gyrB, mdh, recA, pgi and rpoB is 
shown. Effector module sets indicating the family of the effector module in auxiliary 
cluster 1, auxiliary cluster 2 and the large cluster are indicated next to the strain name.  
Reprinted by permission from McMillan Publishers Ltd: Nature Communications, 
Unterweger et al., 2014, copyright 2014. 
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Previous analysis of the GC content of effector modules suggests that these 

modules are subject to horizontal gene transfer. We hypothesized that effector modules 

are also exchanged between V. cholerae strains. Therefore, we analyzed similar effector 

modules in distantly related strains, like the effector module A3 in the large cluster of the 

strains V51 and VL426. Alignment of the immunity-protein encoding genes shows that 

the two sequences are 100% identical whereas the concatenated sequences of the house-

keeping genes differ by 1.5% (Figure 4-8 A and B). This finding suggests that the 

effector module A3 rather got acquired by horizontal gene transfer than inherited from a 

common ancestor. Additional examples are found for effector modules in auxiliary 

cluster 1 and auxiliary cluster 2, as shown by the high similarity of tsiV1 sequences 

independent of the phylogenetic relation between the strains whose genome they are 

contained in Figure 4-8C. 

Altogether, these results suggest that effector modules are acquired by horizontal 

gene transfer resulting in incompatible strains derived from the same recent common 

ancestor. 
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Figure 4-8 Alignment of immunity protein encoding genes and house keeping genes. 

(A) Alignment of the concatenated nucleotide sequences of the genes adk, gyrB, mdh, 
recA, pgi and rpoB. Green bars correspond to 100%, yellow bars to less than 100% 
identity between the nucleotides of the two compared sequences. The strain names are 
indicated on the left. (B) Alignment of the nucleotide sequences of tsiV3A1 of V51 and 
VL426. (C) Phylogenetic trees of tsiV1A, tsiV2A1, and tsiV3A of indicated strains.  
Reprinted by permission from McMillan Publishers Ltd: Nature Communications, 
Unterweger et al., 2014, copyright 2014. 
 

4.2.7 Pandemic strains contain T6SS effector module sets of the same family and are 

compatible 

19 of the 37 analyzed V. cholerae strains belong to the compatibility group AAA. 

Among them are pandemic strains like N16961 and C6706. We hypothesized that 

compatibility group membership separates pandemic from non-pandemic strains.  

Therefore, we analyzed the V. cholerae strains for their repertoire of virulence 

factors. The presence or absence of Vibrio pathogenicity island 1 (VPI-1) which  contains 



100 
 

the Tcp-encoding gene and the presence or absence of CTX-" that harbors the CTX-

encoding genes were analyzed. Analysis of the strains and the virulence factors they 

encode showed that 18 strains encode VPI-1 and CTX-", 2 strains encode only VPI-1 

and 17 strains encode neither (Figure 4-9). All of the strains that encode virulence factors 

and are pandemic belong to the AAA compatibility group. Two AAA strains do not 

encode both virulence factors. The strain V51 of the compatibility group CDA encodes 

virulence factors but is not a pandemic isolate.  

We therefore concluded that all pandemic strains belong to the AAA 

compatibility group and are thus expected to co-exist. We further noticed that pandemic 

strains of the classical biotype belong to the A2A1A1 compatibility group whereas the El 

Tor pandemic strains belong to the A1A1A1 compatibility group. An in-depth analysis 

following up on this observation is provided in chapter 6.  
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Figure 4-9 Overview over V. cholerae strains, their T6SS effector modules and VPI-
1/CTX-! 
Effector module sets indicating the family of the effector module in auxiliary cluster 1, 
auxiliary cluster 2 and the large cluster, and VPI-1/CTX-! acquisition are indicated next 
to the strain name. Strains that harbour the AAA effector module set are highlighted in 
the blue box. 
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4.3 Discussion  

Analysis of 37 V. cholerae strains and their T6SS gene clusters revealed basic 

principles of intraspecific competition among V. cholerae strains (Figure 4-10). We 

observed a variety of putative T6SS effector and immunity proteins. These proteins are 

encoded in genes of effector modules that are likely to be acquired by horizontal gene 

transfer. We can use the effector modules to assign strains to compatibility groups of 

strains which can co-exist and between which strains outcompete each other, as tested 

experimentally. All analyzed pandemic V. cholerae strains were shown to belong to the 

same compatibility group and are thus expected to be compatible among each other but 

not with non-pandemic strains. 

The T6SS effectors with anti-prokaryotic activity TseL, VasX and VgrG-3 of the 

V. cholerae strain V52 have previously been characterized in our lab and by others 

(Brooks et al., 2013; Dong et al., 2013; Miyata et al., 2013; Russell et al., 2013). Beyond 

these three effectors, this study revealed that V. cholerae strains harbour a variety of 

putative T6SS effectors encoded in the same position and with a predicted diversity of 

effector activities. Biochemical analysis similar to the ones described for the pore-

forming effector VasX (Miyata et al., 2013), the peptidoglycan-degrading effector VgrG-

3 (Brooks et al., 2013; Russell et al., 2011) and the lipase effector TseL (Russell et al., 

2013) are required to experimentally test the anti-prokaryotic activity and substrate 

specificities of these putative effectors. The bioinformatics analysis predicted one 

effector activity like peptidoglycan degradation for multiple putative T6SS effectors. 

Because their amino acid sequences differed from each other over 70 percent, we propose 

that individual effectors have different substrate specificities as previously described for 

peptidoglycan- and lipid-degrading effectors in other bacterial species (Russell et al., 

2011; Russell et al., 2013). Once the individual effectors are characterized, I suggest 

comparing their substrate specificities and target range to learn more about the 

competitive advantage or disadvantage a particular effector is providing to the bacterium 

it is found in. 
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Figure 4-10 Effector modules determine compatibility and incompatibility between V. 
cholerae strains 
Graphical depiction of two V. cholerae bacteria from two different indicated strains. The 
outer membrane, inner membrane and chromosomal DNA are depicted. The T6SS is 
illustrated with a black sheath and a grey tip.  
 

In addition to the variety of putative effector proteins, this study also revealed a 

variety of putative T6SS immunity proteins. We observed that effector modules that 

encode genes for the same effector protein, encode genes for the same immunity protein 

whereas effector modules that encode genes for different effector proteins also encode 

genes for different immunity proteins. This co-segregation between effector and 

immunity protein-encoding genes suggests that the described proteins are specific to their 

cognate effector similar to the cognate inhibition of TsiV1, TisV2 and TsiV3 to TseL, 

VasX and VgrG-3, respectively (Unterweger et al., 2014). The function of the variety of 

putative immunity proteins found among the 37 strains to specifically inhibit their 

cognate effector has to be  further  tested  experimentally.  Our  comparison  between  the 
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amino acid sequences of multiple immunity proteins showed that the sequences differ on 

multiple levels from each other. Some sequences differ by more than 70 percent amino 

acid sequence identity, others by 30, 20 or 10 percent. To further investigate the 

interaction between these immunity proteins and effectors, we started a collaboration 

with Alexei Savchenko (University of Toronto) to determine the structural basis for 

compatibility between strains. We are currently co-expressing proteins to overcome the 

hurdle of unstable and insoluble proteins when expressed at high quantities. Solving the 

crystal structures of immunity proteins in complex with effector proteins will reveal the 

interaction sites between the two proteins. Subsequently, we will be able to determine 

which differences in the amino acid sequences between proteins affect the interaction 

between the effector and immunity protein. Determining the crystal structures of the 

immunity proteins in complex with their cognate effector will also provide further insight 

into the mode of inhibition. TsiV3 inhibits VgrG-3 by competing with the substrate for 

binding in the active site. Other than such competitive inhibition, it could be imagined 

that immunity proteins also inhibit effectors by allosteric inhibition. Observations by 

Zhang and colleagues indicate that dimerization between TsiV3 immunity proteins was 

required for protection from VgrG-3 (Zhang et al., 2014). Mutants of TsiV3 with amino 

acid substitutions at positions required for the dimerization failed to protect from VgrG-3 

(Zhang et al., 2014).The diversity of T6SS effector and immunity proteins is associated 

with the ability of numerous V. cholerae strains to engage in T6SS-mediated intraspecific 

competition. The ability to engage in intraspecific bacterial killing, which we originally 

observed using environmental isolates from the Rio Grande (Unterweger et al., 2012), is 

observed among strains independent of their serogroup, time or place of isolation. 

Analysis of compatible and incompatible strains in respect to their phylogenetic 

relationship to each other and the virulence factors they encode indicate that the T6SS is 

an important feature of bacteria within the species that might have contributed to the 

phylogeny and virulence of the species as we know it today. In the phylogenetic tree, we 

observe examples for closely related strains deriving from the same common ancestor to 

belong to the same compatibility group and distantly related strains of the same recent 

common ancestor to belong to a different compatibility group. Analysis of the strains and 

their virulence factors indicates that pandemic strains all co-exist among each other but 
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not with non-pandemic strains. T6SS-mediated killing might be a mechanism to select for 

pandemic strains and could have important implications during infection. Humans likely 

take up a mixed inoculum of pandemic and non-pandemic strains (Faruque et al., 2004). 

To get maximal access to limited resources in the intestine, pandemic strains might kill 

non-pandemic strains and successfully establish an infection. This model is supported by 

a study of Stine and colleagues, in which toxigenic and non-toxigenic strains were 

isolated from the environment, but only toxigenic strains from cholera patients (Stine et 

al., 2008). I propose an experiment to test T6SS-mediated intraspecific competition in 

vivo. Within the small intestine of infant rabbits, T6SS-mediated competition between 

C6706 wild-type and C6706!tsiV3 has been reported (Fu et al., 2013). Providing the 

infant rabbit with combinations of C6706 wild-type - AM-19226!vasK and C6706!vasK 

- AM-19226!vasK will reveal if bacteria of the strain C6706 colonize the infant rabbit 

better when equipped with a functional T6SS to kill other V. cholerae bacteria of the 

inoculum.  

Considering the importance of T6SS-mediated intraspecific competition for the 

species V. cholerae, we propose a labeling system of compatibility groups based on the 

effector module set an individual strain harbors in its T6SS gene clusters. We tested a 

selection of strains for their ability to co-exist or to compete with the strain V52 of which 

the T6SS effectors are characterized. All strains turned out to co-exist with bacteria of the 

strain V52 that were predicted to be compatible because they harbor effector modules 

sets of the same family. Strains that were predicted to be incompatible with the strain 

V52 competed with bacteria of the strain V52 in a killing assay. These experiments show 

a correlation between strains that encode the same effector modules to be compatible and 

strains that encode different effector module sets to outcompete each other. More strains 

have to be tested to further validate this model and additional strains deficient in their 

effector modules need to be created to test a general causative relationship between 

effector modules and compatibility. The proposed model of compatibility should be 

further extended to T6SS-effectors encoded in genes outside of the here analyzed effector 

modules and to T6SS-independent anti-prokaryotic factors like observed for bacteria of 

the strain DL4215 (Unterweger et al., 2012) to provide a robust prediction for 

compatibility and incompatibility between bacteria. A uniform labeling system for 
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compatibility groups as proposed in here could become a powerful tool. We observe that 

pandemic strains are associated with the AAA compatibility group. The advantage for 

pandemic strains of having the particular set of the three effectors TseL, VasX and VgrG-

3 remains to be elucidated. Possible advantages could be a substrate specificity that 

allows pandemic strains to kill a wide range of other bacteria, including non-pandemic V. 

cholerae strains and bacteria of the intestinal microbiota. Membership to this 

compatibility group could be used as an indicator for a pandemic strain during outbreak 

management or clinical diagnostics. The association between pandemic strains and a 

specific set of T6SS effectors could also be used to develop a therapeutic strategy 

targeting the T6SS effectors of pandemic strains.  

Compatibility groups were determined on the basis of effector modules. Our 

results suggest that these effector modules are mobile genetic elements that can be 

acquired by horizontal gene transfer. Strong indicators are the difference in GC content 

between effector modules and the surrounding genes, and the distribution of effector 

modules among strains independent of their phylogenetic relationship. The exchange of 

effector modules between V. cholerae strains remains to be shown experimentally. I 

propose an experiment in which genomic DNA that contains an effector module marked 

with an antibiotic resistance cassette is provided to naturally competent V. cholerae 

bacteria that harbor a different effector module in this locus. A copy of the immunity 

protein-encoding gene will be inserted at a separate site on the chromosome to prevent 

that the bacterium that is taking up a new effector module is getting killed by parental 

kin. Selective plates supplemented with the antibiotic could be used to isolate bacteria 

that acquired a new effector module. The respective locus in the genome could be 

sequenced to test if the original effector modules actually got replaced by the effector 

module with the antibiotic resistance cassette. In additional experiments, the molecular 

mechanism of effector module exchange and the frequency of this event could be further 

examined. Ultimately, I suggest comparing the competitive fitness of two strains that are 

genetically identical except for their effector modules to analyze the benefit of an effector 

module exchange for the bacterium during the encounter of a competitor.  

The alignment of the T6SS gene clusters among the analyzed 37 V. cholerae 

strains revealed a high conservation of genes encoding structural and regulatory 



107 
 

components. In contrast, the effector modules encode very diverse effector proteins that 

lack an obvious signal sequence. The ability of the structurally conserved T6SS to 

translocate up to 105 theoretical combinations of three T6SS effectors provides the basis 

for T6SS-mediated intraspecific competition. The underlying mechanism still remained 

unknown at this point. 
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Chapter 5 

Type VI secretion system adaptor protein 1 (Tap-1) 

provides mechanistic basis for secretion of diverse cargo effectors 
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5 Type VI secretion system adaptor protein 1 (Tap-1) provides mechanistic basis 

for secretion of diverse cargo effectors 

5.1 Introduction 

V. cholerae strains harbor a variety of T6SS effectors that enable these strains to 

engage in intraspecific competition (Unterweger et al., 2014). Effector proteins are 

encoded in mobile genetic elements called effector modules that are likely exchanged 

between strains via horizontal gene transfer. Enzymatic activity and the mode of 

translocation with the T6SS apparatus differ between individual effector proteins. 

Effector domains can be part of VgrG-proteins like the C-terminal extension of VgrG-3 

with peptidoglycan-degrading activity (Brooks et al., 2013; Dong et al., 2013). Cargo 

effectors like TseL and VasX are neither part of VgrG proteins nor do they contain a 

PAAR domain to directly interact with VgrG proteins. Despite the lack of an obvious 

signal sequence among cargo effectors, the secretion system apparatus translocating these 

effectors is conserved (Unterweger et al., 2014). The molecular mechanism by which 

cargo effectors are translocated with the T6SS was unknown at the time we published our 

results on the diversity of V. cholerae T6SS effectors (Unterweger et al., 2014).  

Here, I am identifying the type VI secretion system adaptor protein 1 (Tap-1) and 

describe its requirement for the interaction between the cargo effector TseL and VgrG-1. 

Subsequently, TseL requires Tap-1 for secretion. Strains with differing cargo effectors 

harbour chimeric adaptor proteins that facilitate the translocation of their cognate 

effector. I further describe a putative recombination site within tap-1 that might enable 

the exchange of effector modules in auxiliary cluster 1. 
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5.2 Results 

5.2.1 T6SS gene clusters encode proteins of the DUF4123 superfamily  

The anti-prokaryotic T6SS effector TseL is encoded in the auxiliary cluster 1 of 

pandemic V. cholerae O1 serogroup strains and other clinical isolates such as the O37 

serogroup strain V52 (Dong et al., 2013). We set out to elucidate the mechanism by 

which the T6SS effector TseL is translocated into neighbouring cells. We took a 

candidate approach to decipher the molecular events that lead to TseL translocation. First, 

we evaluated the contribution of the uncharacterized ~ 33 kDa-protein Tap-1, encoded 

immediately upstream of tseL (Figure 5-1A). BLAST (Altschul et al., 1990) analysis 

revealed that Tap-1 belongs to a superfamily of proteins with the domain of unknown 

function, DUF4123 (Figure 5-1B). This domain is about 120 amino acids in length and 

contains multiple conserved motifs: YLLLD, SPYxxLVxL, HLRxLLxV and 

LFRFYDPxVL (Figure 5-1C). DUF4123-containing proteins are found in over 100 

bacterial species. Five representative species with DUF4123-encoding genes as part of 

their T6SS clusters are depicted in Figure 5-1E. DUF4123-containing proteins often 

contain additional conserved domains, including Fha, ZapA and PWWP domains, all of 

which are involved in protein-protein interactions (Figure 5-1E). Genes encoding the 

DUF4123 superfamily proteins are commonly found downstream of vgrG or putative 

effector-encoding genes in predicted T6SS gene clusters (Figure 5-1D).  

Some species encode multiple proteins of the DUF4123 superfamily in their 

genomes. For example, in addition to Tap-1, V. cholerae strain N16961 encodes VasW 

(VCA0019) (Figure 5-1D). We previously demonstrated that VasW is necessary for 

secretion of and killing mediated by VasX, the pore-forming effector encoded directly 

downstream of vasW (Miyata et al., 2013). Even though Tap-1 and VasW belong to the 

same superfamily, the two proteins share less than 20% identity in their amino acid 

sequences (Figure 5-1F). 

In summary, tap-1 encodes a protein of the DUF4123 superfamily that is found in 

T6SS gene clusters of many bacterial species. Its conserved nature and physical 

proximity to T6SS effectors suggests a conserved role for Tap-1 in T6SS function. 
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Figure 5-1 Tap-1 belongs to the superfamily of DUF4123 proteins 
 
(A) Graphical depiction of the T6SS auxiliary gene cluster 1 of V. cholerae strain 
N16961. Gene names are indicated above each gene. Tap-1 (yellow) is outlined in bold 
and its locus tag is indicated below the gene. A legend for colour coding is shown below 
(C). (B) Graphical depiction of Tap-1 indicating the domain with homology to DUF4123. 
(C) WebLogo of the 4 characteristic motifs within DUF4123, from a sequence alignment 
among the 100 most diverse members of the DUF4123 superfamily. Colour of the letter 
indicates hydrophilic (blue), neutral (green) or hydrophobic (black) character of the 
amino acid. Value on the y-axis indicates sequence conservation at a particular site on the 
x-axis. If multiple amino acids are shown at one position, proportional height indicates 
relative frequency. (D) Graphical depiction of DUF4123-containing gene clusters drawn 
to scale. The bacterial species encoding the genes is indicated on the left. All genes 
encoding proteins of the DUF4123 superfamily (yellow) are outlined in bold and labeled 
with their locus tag. Legend indicates function predicted by BLAST. Genes of unknown 
function are grey. Genes outside the operon are white. (E) Cartoon (drawn to scale) of 
nine members of the superfamily from various bacterial species, showing the modular 
domain architecture of DUF4123 superfamily proteins that combine various domains 
with DUF4123. Conserved domains are coloured. (F) Alignment of the amino acid 
sequences of Tap-1 and VasW. 
 

5.2.2 Tap-1 is required for TseL translocation  

Tap-1 is encoded upstream of tseL. Based on their close proximity, we 

investigated whether Tap-1 is required for TseL secretion and subsequent TseL-mediated 

killing. To determine the secretion requirements for TseL, V52 and an isogenic tap-1 

mutant were maintained in LB broth until they reached the mid-logarithmic phase of 

growth. TseL was found in the pellet and supernatant from V52, but was absent from the 

supernatant of the V52 mutant lacking tap-1 (Figure 5-2A). In trans complementation of 

the tap-1 deletion restored detection of TseL in the supernatant. As expected, DnaK – a 

cytoplasmic protein used as a lysis control – was found in the pellet but not supernatant. 

We conclude that Tap-1 is required for T6SS-mediated translocation of TseL. To 

determine if the secretion defect of the tap-1 mutant is specific for TseL or affects T6SS-

mediated secretion universally, we analyzed Hcp secretion in V52!tap-1, as Hcp 

secretion is the hallmark of a functional secretion system. We observed that Hcp is still 

secreted in the absence of Tap-1 (Figure 5-2A), suggesting that Tap-1 is essential for 

secretion of TseL but not for other T6SS proteins. Tap-1 was not detected in culture 
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supernatants by us and others, suggesting that Tap-1 itself is not secreted (Figure 5-2B 

and (Altindis et al, 2015)). 

 

 

Figure 5-2 Tap-1 is necessary for TseL secretion. 
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Figure 5-2 Tap-1 is necessary for TseL 
(A-B) Tap-1 is required for secretion of TseL but retained in the cytoplasm. Pellet (P) and 
supernatant (S) of bacterial cultures were analyzed by SDS-PAGE. The result of 
immunoblotting with antisera against TseL, Hcp and purified antibodies against DnaK 
and FLAG is shown. The asterisk marks an unspecific band, detected by the antiserum 
against TseL, that was found in the preimmunized serum. One representative experiment 
of three independent experiments is shown. (C) Tap-1 is required for TseL-mediated 
killing. C6706 wild-type or C6706 lacking tsiV1 were exposed to the indicated V52 
mutants in a killing assay. The logarithm of surviving C6706 is shown on the y-axis. The 
mean ± SD of three independent experiments each performed in duplicate is shown. P-
values of a two-tailed, unpaired Student’s t-test are indicated. (D) Tap-1 is specifically 
required for TseL. Killing assays in which V52!tap-1 was mixed with C6706 wild-type 
and mutants lacking tsiV1, tsiV2 or tsiV3. The logarithm of surviving C6706 is shown on 
the y-axis. The mean ± SD of three independent experiments each performed in duplicate 
is shown. P-values of a two-tailed, unpaired Student’s t-test are indicated. (E) Killing 
assay in which V52!HRH and indicated mutants were mixed with C6706 wild-type or 
mutants lacking tsiV1, tsiV2 and tsiV3, to assess killing mediated by TseL, VasX and 
VgrG3, respectively. The mean ± SD from three independent experiments each 
performed in duplicate is shown.  

 

To determine if the inability of a tap-1 mutant to secrete TseL prevents killing of 

other prokaryotic cells in a TseL-dependent manner, we performed a killing assay. V52 

or V52!tap-1 was mixed with C6706 or a C6706 mutant lacking the cognate immunity 

gene tsiV1. Under these conditions, C6706 represses its T6SS while maintaining 

expression of immunity genes (Miyata et al., 2013). The C6706!tsiV1 mutant allows us 

to analyze TseL-mediated killing because TsiV1 deactivates TseL in the bacterium under 

attack (here C6706) (Dong et al., 2013; Unterweger et al., 2014). Predator (V52) and prey 

(C6706) were mixed and plated on nutrient agar plates. After four hours at 37˚C, 

surviving V52 and C6706 were enumerated. The lack of tap-1 abolished TseL-mediated 

killing by V52, comparable to a mutant lacking tseL (Figure 5-2C). Complementation 

with episomal tap-1 restored TseL-mediated killing. Expression of tap-1 in trans in V52 

had no effect on the survival of wild-type C6706 but killed the mutant lacking tsiV1, 

indicating that Tap-1 acts on TseL. These results show that TseL-mediated killing 

depends on Tap-1. 

To test whether Tap-1 is required for secretion of effectors in addition to TseL, 

we determined whether Tap-1 also controls VasX- and VgrG-3-mediated killing. As 
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indicator strains for VasX- and VgrG3-mediated killing, we used C6706 mutants lacking 

the cognate immunity gene tsiV2 and tsiV3, respectively. The absence of tap-1 did not 

affect killing mediated by VasX or VgrG-3 (Figure 5-2D). These results show that Tap-1 

is required exclusively for the effector TseL. An analogous observation was made for 

VasW, the second protein of the DUF4123 superfamily in V. cholerae. VasW is only 

required for the effector VasX, encoded downstream of vasW, but is dispensable for TseL 

translocation (Figure 5-2E).  

Taken together, these data indicate that Tap-1 is required for secretion of TseL, 

allowing V. cholerae to engage in TseL-mediated killing. 

 

5.2.3 VgrG-1 is essential for the secretion of and killing by TseL  

The observation that Tap-1 is dedicated to TseL translocation encouraged us to 

probe other proteins encoded in auxiliary cluster 1 that act in concert with Tap-1. VgrG-1 

is encoded immediately upstream of tap-1 (Figure 5-1A). VgrG-1 in V52 is a structural 

component of the secretion system and acts as carrier of an effector domain with actin-

crosslinking activity (Pukatzki et al., 2007). To determine if VgrG-1 has a dual function 

(actin crosslinking and TseL translocation), we performed western blot analysis on pellet 

and supernatant fractions of V52 and a vgrG-1 mutant. As reported previously (Pukatzki 

et al., 2007), deletion of vgrG-1 lowers the amounts of Hcp secreted by cells (Figure 3A). 

However, TseL secretion was abolished. Providing the vgrG-1 mutant with episomal 

VgrG-1 restored TseL secretion (Figure 5-3A). These observations indicate that VgrG-1 

is required for secretion of TseL. 

Next, we used our killing assay to determine whether TseL-mediated killing 

occurred in the absence of VgrG-1. Parental V52 and mutants lacking tseL or vgrG-1 

were mixed with C6706 or C6706!tsiV1. A V52 mutant lacking vgrG-1 lost its ability for 

TseL-mediated killing unless provided with episomal VgrG-1 (Figure 5-3B). These 

results show that vgrG-1 is required for TseL-mediated killing. 

To determine if VgrG-1 is required for translocation of VasX and VgrG-3 in 

addition to TseL, we performed killing assays using C6706 mutants that lack TsiV2 and 

TsiV3, the cognate immunity proteins to VasX and VgrG-3, respectively. TseL-mediated 
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killing was abolished in the absence of vgrG-1. VasX- and VgrG-3-mediated killing still 

occurred in the absence of vgrG-1 (Figure 5-3C). This finding indicates that VgrG-1 has 

a dedicated role for TseL translocation. 

 

 

Figure 5-3 VgrG-1 is required for TseL-mediated killing. 
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Figure legend for Figure 5-3 
 
(A) Analysis of TseL secretion dependence on VgrG-1. Western blot analysis of pellet 
(P) and supernatant (S) samples of the indicated strains. Samples were immunoblotted 
with antisera against TseL, Hcp and purified antibodies against DnaK. The unspecific 
band detected by rabbit serum is marked with an asterisk. One representative of three 
experiments is shown. (B) Killing assay with wild-type V52 or indicated mutants and 
wild-type C6706 or a mutant lacking the immunity gene tsiV1. The logarithm of 
surviving C6706 is shown on the y-axis. The mean ± SD of three independent 
experiments each performed in duplicate is shown. P-values of a two-tailed, unpaired 
Student’s t-test are indicated). (C) V52!vgrG-1 was mixed in a killing assay with wild-
type C6706 or mutants lacking immunity genes tsiV1, tsiV2 or tsiV3 (specific for TseL, 
VasX and VgrG-3, respectively). The logarithm of surviving C6706 is shown on the y-
axis. The mean ± SD of three independent experiments each performed in duplicate is 
shown. The P-values of a two-tailed, unpaired Student’s t-test are indicated. (D) TseL-
secretion of a vgrG-3 deletion mutant. Pellet and supernatant of indicated bacterial 
cultures were analyzed by SDS-PAGE. The results of immunoblotting with antisera 
against TseL and purified antibodies against DnaK are shown. (E) Observation of TseL- 
and VasX-mediated killing in the absence of vgrG-3. The indicated mutants of C6706 
were exposed to V52!vgrG-3 in a killing assay to analyze TseL-, VasX- and VgrG-3-
mediated killing. The surviving C6706 is shown on the y-axis. The mean ± SD of three 
independent experiments each performed in duplicate is shown. P-values of a two-tailed, 
unpaired Student’s t-test are indicated. (F) Effector-mediated killing by V52. Killing 
assay similar to (E). The mean ± SD of three independent experiments each performed in 
duplicate is shown. P-values of a two-tailed, unpaired Student’s t-test are indicated. 
 

To determine if VgrG-3 plays an equally important role for TseL than VgrG-1, we 

tested the secretion of and killing by TseL in a vgrG-3-deficient mutant. First, we 

analyzed TseL expression and secretion of V52!vgrG-3 in comparison to V52 wild-type 

or mutants deficient in tseL or vgrG-1. Similar to previous experiments, TseL was 

detected in the pellet and supernatant of V52 wild-type but not V52!tseL. Secreted TseL 

was not detected in the supernatant of V52!vgrG-1 but in the supernatant of V52!vgrG-

3 (Figure 5-3D). DnaK was detected in the pellet only indicating that proteins in the 

supernatant were actively secreted and not the result of cell lysis. These results suggest 

that vgrG-3 is not essential for the secretion of TseL. Second, we tested the ability of 

V52!vgrG-3 to kill bacteria of the strain C6706 lacking the respective immunity proteins 

to TseL, VasX and VgrG-3, respectively. Therefore, vgrG-3-deficient V52 was mixed 

with the indicated mutants of C6706 in a killing assay. Killing mediated by TseL and 
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VasX but not VgrG-3 was observed (Figure 5-3E). For comparison, V52 wild-type is 

killing via TseL, VasX and VgrG-3 (Figure 5-3F). Taken together, these results indicate 

that VgrG-3 is not essential for the secretion of and killing by TseL. 

 

 

Figure 5-4 Linker-domain of VgrG-1 required for TseL-mediated killing 
 (A) Graphical depiction of VgrG-1. Amino acid sequence of the highlighted region 642 
to 679 is shown. (B) Thirty-seven amino acids of VgrG-1 are sufficient to restore TseL-
mediated killing. Killing assay in which a tsiV1-deficient mutant of C6706 is exposed to 
V52 wild-type or V52!vgrG-1 provided with the indicated constructs of vgrG-1 in trans. 
(C) Truncated VgrG-1 versions secrete high levels of Hcp. Pellet and supernatant of V52 
strains tested in (B) were analyzed by SDS-PAGE. The results of immunoblotting with 
antisera against Hcp and purified antibodies against DnaK are shown. (D) Amino acids of 
interest form the linker region between the core domain and the ACD. Model of VgrG-1 
as part of the tip of the T6SS is shown. The ACD is indicated. Amino acids 642-670 are 
coloured in red. 
 

To identify the region within VgrG-1 that enables TseL-mediated killing, I 

created constructs that encode amino acids 1-642 and 1-679 of VgrG-1 (Figure 5-4A). I 

then tested the ability of these construct to  mediate  killing  via  TseL  in  a  V52!vgrG-1 



119 
 

mutant. Whereas the first 679 amino acids of VgrG-1 restored TseL-mediated killing to 

wild-type levels, the construct encompassing amino acid 1-642 did not (Figure 5-4B). 

Truncated version of VgrG-1 restored Hcp secretion similar to complementation with 

full-length VgrG-1 (Figure 5-4C).  These 37 essential amino acids from position 642 to 

position 679 map to a linker region between the core region similar among various VgrG 

proteins and the C-terminal actin-crosslinking domain unique to VgrG-1 (Figure 5-4D). 

In summary, these results indicate that VgrG-1 is essential for secretion of and 

subsequent killing by TseL. 

 

5.2.4 Tap-1 is required for the interaction between TseL and VgrG-1  

The requirements for both VgrG-1 and Tap-1 to secrete TseL led us to investigate 

how these proteins contribute to the secretion process of TseL. VgrG-1 is secreted with 

other VgrG proteins (Pukatzki et al., 2007) and PAAR-domain-containing proteins 

(Shneider et al., 2013) as part of a macromolecular complex at the tip of the secretion 

system, thus we hypothesized that TseL interacts with Tap-1 and VgrG-1 for recruitment 

to this complex. To test physical interactions among Tap-1, VgrG-1 and TseL, we 

performed immunoprecipitation experiments followed by western blot analysis. First, we 

prepared lysates from V52!tap-1 cells transformed with empty vector, ptap-1::His, or 

ptap-1::FLAG. FLAG-tagged Tap-1 was precipitated with anti-FLAG-M2 affinity beads. 

His-tagged Tap-1 is not expected to bind to the anti-FLAG-M2 affinity gel and allowed 

us to test for unspecific binding of TseL to the beads. Lysates and immunoprecipitates 

were subjected to SDS PAGE, and analyzed for TseL, Tap-1::His and Tap-1::FLAG. 

TseL was found in the lysates of all three strains, but only in the immunoprecipitate 

generated with FLAG epitope (Figure 5-5A). His-tagged Tap-1 was found in the pellet 

but not in the supernatant. No band was detected with anti-TseL, anti-His or anti-FLAG 

antibodies in precipitated lysates of V52!tap-1 transformed with empty vector. This 

analysis established an interaction between Tap-1 and TseL. 
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Figure 5-5 Tap-1 mediates interaction between TseL and VgrG-1. 
(A and B) Interactions between Tap-1 and TseL (A) or VgrG-1 (B). Shown are 
immunoblots of lysates (total) and immunoprecipitates with anti-FLAG affinity beads 
(IP:FLAG) of V52!tap-1 (A) or V52 vgrG-1::myc (B) transformed with empty vector or 
a plasmid encoding His-tagged or FLAG-tagged Tap-1. (C) Interaction between TseL and 
VgrG-1. Shown are immunoblots of lysates (total) and immunoprecipitates with an anti-
FLAG affinity gel (IP:FLAG) of V52 or V52!tap-1 transformed with empty vector or a 
plasmid encoding HIS-tagged or FLAG-tagged VgrG-1. (D) Diagrammatic interpretation 
of panels A–C. Arrows indicate interaction. 
 

To test if Tap-1 also interacts with VgrG-1, we analyzed lysates of V52 with a 

myc-tagged version of VgrG-1 that was transformed with either empty vector, ptap-

1::His or ptap-1::FLAG. VgrG-1 was found in the lysates of all three strains but only in 

the immunoprecipitate with Tap-1::FLAG (Figure 5-5B). No band with the size of VgrG-

1 was detected in the immunoprecipitate of lysates that contained His-tagged Tap-1 or 

untagged Tap-1. This suggests that VgrG-1 interacts with Tap-1. 

As Tap-1 interacts with both VgrG-1 and TseL, we wanted to test the role of Tap-

1 in the interaction between VgrG-1 and TseL. We tested lysates of V52 or V52!tap-1 

that express either His-tagged or FLAG-tagged VgrG-1. Anti-FLAG affinity beads were 

added to the lysates, pulled down and analyzed with antibodies  against  TseL,  FLAG  or 
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His. TseL was detected in the immunoprecipitates with VgrG-1::FLAG only in V52 wild-

type, not in the absence of Tap-1 (Figure 5-5C).  

These results suggest that TseL has the ability to interact with Tap-1, which can 

interact with VgrG-1 (Figure 5-5D). TseL depends on Tap-1 to form an interaction with 

VgrG-1, because we were unable to detect TseL in the immunoprecipitate of FLAG-

tagged VgrG-1 from a lysate lacking Tap-1. We also observed that Tap-1 has the ability 

to form homo-multimers (Appendix A, Figure 9-7). 

 

5.2.5 Diversity of Tap-1 among V. cholerae strains  

We previously showed that V. cholerae strains encode different sets of T6SS 

effector modules within their gene clusters (Unterweger et al., 2014). Auxiliary cluster 1 

encodes one of two effectors depending on the strain (Unterweger et al., 2014). TseL is 

encoded in the T6SS gene clusters of strains like the pandemic O1 serogroup strain 

N16961 and belongs to the A effector family. Effectors of the B family share less than 

30% amino acid sequence identity with TseL and are encoded in the T6SS gene clusters 

of strains like the O39 serogroup strain AM-19226 or the O12 serogroup strain 1587. 

Having established a role for VgrG-1 and Tap-1 in the secretion of TseL (Figure 5-2 and 

Figure 5-3), we hypothesized that VgrG1 and Tap-1 have to be tailored for the 

translocation of A or B family effectors. First, we investigated the differences in VgrG-1 

of different strains. We compared the amino acid sequences of VgrGs encoded by V. 

cholerae strains used previously for our analysis of effector modules (Unterweger et al., 

2014). Twenty-five out of thirty-six strains encode a VgrG-1 protein that consists of the 

core domains and the C-terminal extension with actin crosslinking activity (Figure 5-6). 

V52 and AM-19226 are examples of strains that contain a VgrG-1 with an actin 

crosslinking domain (ACD) (Figure 5-7A). 1587 is an example of a strain that contains a 

VgrG-1 without an ACD (Figure 5-7A). This analysis shows that VgrG-1 proteins of V. 

cholerae strains differ from each other by the presence or absence of a C-terminal 

extension.  
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Figure 5-6 VgrG-1, Tap-1 and effectors in various V. cholerae strains. 

For each of the 36 V. cholerae strains analyzed, we show the presence (+) or absence (-) 
of the actin crosslinking domain (ACD) in VgrG-1, the clustering of Tap-1 to clade 1, 2 
or 3, and the family of the effector (A or B) encoded in the auxiliary cluster 1. 
 

Next, to analyze the diversity of Tap-1 proteins among V. cholerae strains, we 

aligned the amino acid sequences of Tap-1 from the same 36 strains. Phylogenetic 

analysis showed that Tap-1 clusters into three clades Figure 5-7B). An expanded analysis 

of all sequenced V. cholerae strains available in the NCBI database did not reveal 

additional Tap-1 alleles. Tap-1 from strains V52, AM-19226 and 1587 exemplifies clades 

1, 2 and 3, respectively (Figure 5-7B). Alignment of three representative proteins from 

each cluster show that they share multiple 15- to 33-residue-long motifs in the N-terminal 

segment (grey regions in Figure 5-7C). Motifs that make up domain DUF4123 are found 

in these highly conserved regions, except for the first motif, which is found in a non-

conserved region in the polymorphic N-termini and varies at two amino acid positions 

between      the      analyzed      sequences      (Figure 5-7C).      Differences      in      three 
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representative sequences of the N-terminal segment (yellow and orange) and differences 

in the C-terminal segment (in blue and purple) are indicated in Figure 5-7C. Sequences in 

cluster 2 (e.g. Tap-1AM19226) and 3 (e.g. Tap-11587) share highly similar C-terminal 

segments but varying N-terminal segments (Figure 5-7C). Sequences in cluster 1 (e.g. 

Tap-1V52) contain highly similar N-terminal segments compared to sequences in cluster 2 

(e.g. Tap-1AM19226) but contain distinct C-terminal segments that share less than 30% 

amino acid identity (Figure 5-7C). These analyses demonstrate that different yet distinct 

forms of Tap-1 are distributed among V. cholerae strains.  

 

 

 

 

Figure 5-7 Diversity of Tap-1 among V. cholerae strains. 

 
 



124 
 

 

 

To test how differences in the N- or C-terminal segments of Tap-1 affect the 

function of Tap-1, we compared the adaptor proteins in pairwise combinations (see 

Figure 5-8 for extended analysis of Tap-1 alleles in different strain backgrounds). The 

adaptors from V52 and AM-19226 share similar N-terminal segments but differ in their 

C-terminal segments (Figure 5-7 C). To determine the effector specificity of the C-

terminal portion of Tap-1, V52!tap-1 was provided with episomal tap-1V52 or tap-1AM-

19226 (Figure 5-7 D). All Tap-1 alleles were expressed (Figure 5-8 B), but only Tap-1V52 

facilitated TseL-mediated killing of C6706!tsiV1 at levels similar to wild type; Tap-1AM-

19226 did not support killing (Figure 5-7 D). This indicated that differences in the Tap-1 C-

terminal segment are not tolerated. 

Figure 5-7 Diversity of Tap-1 among V. cholerae strains 
(A) Cartoon of vgrG-1, tap-1 and the effector protein-encoding gene in the auxiliary 
cluster 1 of three indicated V. cholerae strains. Same colour indicates more than 90% 
identity of the amino acid sequences encoded in the genes compared. Different colour 
indicates less than 30% identity and mixed colour indicates 30–90% identity. The 
presence or absence of the ACD encoded in vgrG-1 is indicated with + and -, 
respectively.(B) Diversity of Tap-1. Phylogenetic analysis of Tap-1 encoded in 36 V. 
cholerae strains. Analysis was performed using Raxml (Stamatakis, 2014). The names of 
the strain harbouring the Tap-1 are indicated in the tree. Three clades are highlighted with 
different colours. Three representative sequences that cluster to different clades are 
highlighted with an arrow and used for analysis. (C) Cartoon of Tap-1 from the three 
different clades. Regions that share more than 80% identity in the three amino acid 
sequences are shown in the same colour, regions with less than 45% identity are shown in 
different colours. The conserved sequences of the motifs of DUF4123 and their positions 
are indicated. (D) Specificity of C-terminal segment of Tap-1. Killing assay in which the 
lack of tap-1 in V52 is complemented by empty vector (control) or one of two different 
alleles of tap-1. The ability to kill in a TseL-dependent manner is indicated by killing or 
survival of C6706!tsiV1. The arithmetic mean ± SD of log-transformed data of three 
independent experiments, each performed in duplicate, is shown. P-values of a two-
tailed, unpaired t-test are indicated. (E) Specificity of N-terminal segment of Tap-1. 
Killing assay in which the lack of tap-1 in 1587 is complemented by empty vector 
(control) or one of two different alleles of tap-1. The ability to facilitate killing by the 
effector A55_1502 is indicated by killing or survival of 1587!A55_1501-03. The 
arithmetic mean ± SD of log-transformed data of three independent experiments, each 
performed in duplicate, is shown. P-values of a two-tailed, unpaired t-test are indicated). 
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Figure 5-8 Specificity of Tap-1 in various strain backgrounds. 
(A) Killing assay in which the lack of tap-1 in V52 is complemented by empty vector 
(control) or one of three different C-terminally HIS-tagged alleles of tap-1. The ability to 
kill in a TseL-dependent manner is indicated by killing or survival of C6706!tsiV1. The 
arithmetic mean ± SD of log-transformed data from three independent experiments, each 
performed in duplicate, is shown. P-values of a two-tailed, unpaired Student’s t-test are 
indicated. (B) Analysis of the expression of the HIS-tagged Tap-1 alleles by SDS-PAGE. 
Samples were subject to western blotting with anti-DnaK and anti-HIS antibodies.  (C) 
Killing assay as in (A) except using 1587!tap-1 as predator and 1587!A55_1501-03 
transformed with pBAD18 as prey. 1587!A55_1501-03 lacks the genes encoding the 
adaptor, effector and immunity protein of auxiliary cluster-1. (D) Western blot analysis as 
described in (B) of the indicated samples. 
 

To test whether differences in the N-terminal segment are tolerated, we compared 

the adaptor proteins from 1587 and AM-19226, which share common C-terminal 

segments. Both also share the conserved motives of the DUF4123 domain, but differ in 

the remaining sequence of the N-terminal segments. A 1587!tap-1 mutant was provided 

with episomal tap-1AM-192262 or tap-11587. All Tap-1 alleles were expressed (Figure 5-8D). 

Both adaptor proteins restored effector-mediated killing (Figure 5-7E). This indicated 

that differences in the N-terminal segment are tolerated in the strain background tested. 

We were unable to test the Tap-1 alleles in the AM-19226 background because no 

effector-mediated killing could be detected in that strain. This could result from orphan 

immunity genes or from lack of expression of the effector module in AM-19226. 
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Taken together, these data show that V. cholerae strains encode a variety of 

VgrG-1 and Tap-1 proteins. The VgrG-1 proteins differ from each other by the presence 

or absence of the enzymatically active C-terminal extension. The Tap-1 proteins differ 

from each other in their N- and C-terminal segments, with the C-terminal segments being 

specific for the T6SS effector. We found that the N-terminal segment of Tap-1 correlates 

with the presence or absence of a C-terminal extension of VgrG-1; however, both N-

terminal Tap-1 segments appear to be operational in strains that miss the ACD domain of 

VgrG-1. 

 

5.2.6 N-terminus of Tap-1 evolved under diversifying selection  

The N-terminal segment of Tap-1 correlates with the presence or absence of a C-

terminal extension of VgrG-1 (Figure 5-7). Despite the polymorphic nature of the N-

terminal segment of Tap-1, the N-terminal segments of the 36 analyzed sequences still 

share an overall amino acid sequence identity of 64% (Figure 5-9A), indicating that they 

are homologs (Pearson, 2013).  

We hypothesized that the two different N-terminal segments evolved from the 

same common ancestral segment. During this process, different amino acid sequences 

might have been selected for. Therefore, we analyzed retention of amino acid sequence 

versus nucleotide sequence by studying the effects of single nucleotide polymorphisms 

on the amino acid sequences of Tap-1 from all 36 analyzed strains (Figure 5-7). As an 

indicator for the number of non-synonymous mutations (change of amino acid sequence) 

and synonymous mutations (no change of amino acid sequence), we determined the ratio 

of percentage amino acid identity to nucleotide sequence identity. We subdivided the 5' 

end and N-terminal sequence into three regions, plus the central region. The short, 

terminal 14-residue long region of the N-terminal segment unique to class 1 and 2 Tap-1 

proteins (Figure 5-7) was excluded from this analysis, because this region would bias the 

analysis when comparing sequences of class 1 and 2 to class 3 Tap-1 proteins lacking this 

region. Functional analysis demonstrated that this short region is not required for a 

functional Tap-1, thus supporting our decision to exclude this fragment from our analysis. 

We observed that region 2 has a ratio of less than one (Figure 5-9B), demonstrating that 
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the relative number of nucleotide substitutions is higher than the relative number of 

amino acid changes. This indicates selection pressure to retain the amino acid sequence 

but not the nucleotide sequence in region 2 (Suzuki and Gojobori, 1999). 

 

 

Figure 5-9 N-terminal domain of Tap-1 is under diversifying evolutionary selection. 

(A) N-termini of Tap-1 share more than 30% overall amino acid sequence identity. The 
identity of the nucleotide and amino acid sequences over the indicated regions among 
tap-1 of 36 V. cholerae strains (sliding window=1) is shown. Green bars indicate 100% 
identity, yellow bars 30–99% and red bars less than 30%. The percent amino acid identity 
over the indicated region, with the length of amino acids indicated, is shown at the 
bottom of the figure. The first 14 amino acids of class 1 and 2 Tap-1 proteins were 
excluded from this analysis. (B) The ratio of percentage nucleotide sequence change to 
percentage amino acid sequence change over the indicated region is shown in the graph.  

 

 

 

Regions 1 and 3 have a ratio greater than one (Figure 5-9B). Relatively few 

nucleotide changes cause a relatively high number of amino acid changes, indicating that 

these regions are selected to diversify.  
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Motifs of DUF4123 are found in regions 1, 2 and the middle region, and are 

highly conserved on the amino acid level (Figure 5-9B). Even the WLxD motif found in 

the diverse region 1 is conserved, further highlighting the importance of this domain.  

In summary, regions in the N-terminal segment of Tap-1 show signs of selection 

to conserve specific regions and to diversify others. The region in the middle of Tap-1 is 

highly conserved on both the nucleotide and amino acid levels, indicating its importance 

on both levels. 

 

5.2.7 Acquisition of ACD affects effector-mediated killing 

The analysis of the N-terminus of Tap-1 suggests diversifying selection that could 

be imagined in response to a selection pressure that affects effector-mediated killing. I 

hypothesize that the acquisition of the ACD in strain 1587 affects effector mediated 

killing. 

To test this hypothesis, I inserted the ACD into the chromosome of 1587 (Figure 

5-10A). The resulting strain was tested for T6SS-mediated killing by the effector encoded 

downstream of vgrG-1 in the same cluster in a killing assay. Widl-type 1587 or the 

insertion mutant were mixed with 1587!adaptor, effector, immunity (1587!aei) that 

either contains empty vector or expresses the immunity protein-encoding gene 

(A55_1503) in trans. Equal amounts of around 107 survivors of 1587!aei p1503 were 

recovered independent of the exposure of this mutant to wild-type 1587 or the ACD 

insertion mutant of 1587 (Figure 5-10B). When the mutant 1587!aei harbouring 

pBAD24 alone was exposed to wild-type 1587, 1000 fold effector-mediated killing was 

observed. When the mutant 1587!aei pBAD24 was exposed to the ACD insertion mutant 

of 1587, 100 fold killing was observed. This 10 fold difference between the two indicates 

that the ACD insertion into the chromosome affects but does not abolish T6SS-mediated 

killing and thus provides a potential selection pressure to regain full amounts of killing.   

Further experiments are needed to determine if the ACD affects the activity of 

this effector or T6SS activity in general.To test if a modification of the adaptor protein 

can restore full effector activity, I suggest to generate a deletion mutant of the adaptor 

protein-encoding gene in the 1587 vgrG-1::ACD background. This deletion mutant could 
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be complemented with an adaptor that contains the N-terminus specific for the ACD and 

analyzed in a killing assay for effector-mediated killing.  

      

 

Figure 5-10 Gain of the ACD affects effector-mediated killing 
(A) Graphical depiction of the auxiliary cluster 1 before and after the insertion of the 
actin-crosslinking domain. (B) Killing assay testing the ability of 1587 with or without 
the ACD to kill in dependency on the effector encoded in auxiliary cluster 1. The 
arithmetic mean ± SD of log-transformed data of three independent experiments, each 
performed in duplicate, is shown. The results of a two-tailed, unpaired t-test are indicated 
(**** P<0.0001; NS P>0.05). 
 

5.2.8 The middle region of tap-1 is conserved at the nucleotide level  

Genes encoding T6SS effectors and immunity proteins differ in their GC content 

from the surrounding genes, indicating their acquisition and exchange among V. cholerae 

strains by horizontal gene transfer (Unterweger et al., 2014). For example, the strain 

VL426 is closely related to MZO-2 but encodes an effector other than tseL in its auxiliary 

cluster 1 (Unterweger et al., 2014). In contrast to the N-terminal segments of Tap-1 in our 

36 analyzed sequences, the C-terminal segments of Tap-1 share less than 30% overall 

amino acid identity (Figure 5-11A). This indicates a lack of common ancestry for  the  C- 
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terminal segments and suggests different evolutionary origins. We hypothesized that tap-

1 contains a recombination site to create a diverse Tap-1 family. 

 

 

Figure 5-11 Tap-1 encodes a putative recombination site. 

(A) Alignments of the nucleotide and amino acid sequences of the Tap-1 C-termini. 
Identity in 36 amino acid sequences of Tap-1 or nucleotide sequences of tap-1 are shown 
(sliding window=1). Green bars indicate 100% identity, yellow bars indicate 30–99% and 
red bars indicate less than 30%. Average percent identity is shown over the regions 
indicated with arrows. (B) Analysis of the GC content (sliding window=50) of tap-1 and 
the effector-encoding gene in V. cholerae strain 1587. Average percent GC in regions 
indicated with arrows is shown. (C) Model for the acquisition of a new 3' end for tap-1 
and an effector-encoding gene as a result of the recombination site within tap-1. 
 

Analysis of the nucleotide sequences of 36 tap-1 genes revealed a highly 

conserved 99 bp region in the middle of the gene, with 92% identity (Figure 5-11A). 

Analysis of GC content shows that recombination likely happened at this site because the 

GC content differs by over 3% upstream and downstream of this site (Figure 5-11B). The 

3' end of tap-1 differs in its GC content from the effector-encoding gene downstream by 

only 0.6%, indicating that the 3' end of tap-1 plus the effector-encoding gene downstream 

could have been acquired and exchanged together between strains. Thus, we propose that 
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the 3' end of tap-1 co-segregates with the effector-encoding gene downstream. 

Recombination in the core region would explain the lack of common ancestry among 

diverse C-terminal segments of Tap-1. Recombination within tap-1 would maintain the 

open reading frame and give rise to a new protein with a different function than the 

proteins from which it derived its component pieces (Figure 5-7), thus we call Tap-1 a 

chimera. 

 

5.3 Discussion 

The competitive fitness of V. cholerae strains in regard to dealing with 

competitors, including other V. cholerae strains, is determined by the set of encoded 

T6SS effector modules (Unterweger et al., 2012; Unterweger et al., 2014). In this study, 

we took bioinformatics, genetic and biochemical approaches to identify and characterize 

T6SS components required for the translocation of diverse effector proteins encoded in 

one of the three T6SS effector modules, namely auxiliary cluster 1. Our analysis of the 

newly characterized adaptor protein Tap-1 revealed a chimeric composition with high 

diversity, which may have evolved through adaptation and recombination. The proposed 

mechanism of Tap-1-dependent effector translocation might especially be important for 

diverse, newly acquired effector proteins, which rely on a conserved T6SS for 

translocation. These findings advance our understanding of how VgrG proteins and the 

adaptor protein Tap-1 mediate T6SS effector translocation. Considering the numerous 

types of bacteria with a T6SS secretion system and the ubiquity of proteins belonging to 

the DUF4123 superfamily, the implications of our findings are likely to reach well 

beyond V. cholerae.  

We propose a model in which the C-terminal segment of Tap-1 binds the cognate 

downstream-encoded effector TseL. The N-terminal segment of Tap-1 then binds VgrG-

1, which recruits the TseL effector to the tip of the T6SS central Hcp tube in preparation 

for translocation into a neighboring cell. As we do not detect Tap-1 in the supernatant of 

V. cholerae cells engaged in constitutive T6SS-mediated translocation of TseL, we 

hypothesize that Tap-1 hands over TseL to VgrG-1 prior to ejection of the effector-

loaded central Hcp tube. Such a mechanism would retain Tap-1 in the cytoplasm as 
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shown in Figure 5-2, making Tap-1 available for loading of the next Hcp tube. A recent 

study by Whitney and colleagues on the T6SS of Pseudomonas aeruginosa and 

Edwardsella cloacae showed that VgrG proteins are also required for translocation of 

PAAR-domain containing effectors (Whitney et al., 2014) (Shneider et al., 2013). We 

speculate that TseL interacts with VgrG at a different site than PAAR-domain effectors, 

because TseL is missing the PAAR-domain. To which extent the herein described 

interactions are direct or depend on additional proteins needs to be further elucidated. A 

direct interaction between VgrG-3 and TseL has previously been proposed based on the 

detection of TseL in immunoprecipitates of VgrG-3 (Dong et al., 2013). Our results do 

not exclude such an interaction, but rather suggest that VgrG-1 is indispensable for TseL 

whereas VgrG-3 is dispensable.  

Our characterization of Tap-1 reveals that a protein of the DUF4123 superfamily 

is required for the interaction between a T6SS effector and its cognate VgrG protein, 

subsequent effector secretion, and effector-mediated killing. We made similar 

observations for another member of the DUF4123 superfamily, VasW (Miyata et al., 

2013). Genes encoding DUF4123 domains are often located upstream of effector genes 

with a MIX (marker for type VI effectors) motif (Salomon et al., 2014), suggesting that 

one conserved role for DUF4123-containing proteins might be to assist in T6SS-mediated 

effector delivery. The function of Tap-1 is characteristic of a chaperone protein in terms 

of binding cargo effectors and delivering them to the secretion apparatus as described for 

chaperons in a variety of secretion systems, including the type III and type VII secretion 

system (Daleke et al., 2012; Page and Parsot, 2002). Such a chaperone function has been 

described for Hcp from P. aeruginosa, which harbours T6SS effectors smaller than 20 

kDa (such as Tse2) inside the Hcp conduit prior to ejection (Silverman et al., 2013). In 

the absence of Hcp, Tse2 becomes unstable. Proteins of the DUF4123 superfamily might 

also stabilize their cognate effector, as a recent study by Ma and colleagues suggests. 

When the authors purified recombinant Tde1 an Agrobacterium tumefaciens T6SS 

effector, higher yields were obtained when co-expressed with a member of the DUF4123 

protein superfamily (Ma et al., 2014b). Tap-1 may also have a stabilizing function for 

TseL that we may have not detected due to the non-quantitative nature of luminol-based 

chemiluminescent detection. In summary, these findings show that certain T6SS effectors 
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require additional proteins for stability or secretion, and that different types of effectors 

depend on different types of accessory proteins like Tap-1 or Hcp.  

Our analysis of VgrG-1 reveals that not all VgrG-1 proteins among V. cholerae 

strains contain a C-terminal extension that confers anti-eukaryotic activity. The actin 

crosslinking domain (ACD) of VgrG-1 is an example of an effector domain that is 

missing in some strains, not replaced by another effector domain. The T6SS gene clusters 

of V. cholerae thus not only differ between strains in their composition of T6SS effectors 

but also in their total number of effectors. 

We observed that V. cholerae strains encode a diversity of Tap-1 proteins that 

differ in their N- and C-terminal segments. The N-terminal segment of Tap-1 of V. 

cholerae strains that contain VgrG-1 with an ACD differs from the N-terminal segment 

of Tap-1 of strains that contain VgrG-1 without an ACD. The C-terminal segments differ 

between Tap-1 of strains that differ in their anti-prokaryotic effector, thus the C-terminal 

segment appears to display specificity for the cognate effector they encode. Of the four 

possible combinations of the two types of N-terminal and C-terminal segments, we found 

only three combinations in an exhaustive search of publically available genomic 

sequences for V. cholerae strains. The lack of a Tap-1 chimera with the N-terminal 

segment found in strains without the ACD and the C-terminal segment specific for TseL 

suggests a functional relationship between ACD and TseL. 

Key to the chimeric structure of Tap-1 is the putative recombination site in the 

middle of tap-1. We observed that the 3' end of tap-1 downstream of the recombination 

site co-segregates with the effector-encoding gene. We now include this 3' end of tap-1 in 

our definition of a T6SS effector module, in addition to genes encoding an effector 

protein and an immunity protein. We envision a crucial role for tap-1 during the 

exchange of effector modules that determines compatibility. Our previous phylogenetic 

analysis of V. cholerae strains found that distantly related strains encode the same 

effector module set (Unterweger et al., 2014). This could be explained by exchange of 

effector modules through horizontal gene transfer and subsequent compatibility group 

switching. Despite this possibility of T6SS module exchange, pandemic strains all encode 

the same module set, AAA (Unterweger et al., 2014). The fact that pandemic strains have 

conserved T6SS effectors indicates selection for their module set. All herein analyzed 
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pandemic strains also contain a VgrG-1 with an ACD. Thus, it appears that the ACD and 

the AAA module set comprise the characteristic effector module set of pandemic strains 

in addition to the presence of cholera toxin and toxin co-regulated pilus. 

T6SS-mediated competition interferes with cell-cell contact and thereby affects 

contact-dependent exchange of genetic elements. When V. cholerae inhabits chitin 

surfaces of copepods in environmental reservoirs, the T6SS and competence (the ability 

to take up extracellular DNA) are coupled (Borgeaud et al., 2015). Our compatibility rule 

predicts that a predator V. cholerae strain will take up the genomic DNA from 

incompatible prey that succumb to the T6SS-mediated attack and are lysed. Any double 

crossovers that include a complete T6SS cluster like the small auxiliary cluster containing 

tseL will replace the recipient host cluster with the donor prey cluster. This prey cluster 

should be functional in the host cell, because the prey cluster provides the proper adaptor 

gene that operates with the new effector. However, if the recipient carries a VgrG-1 with 

an actin-crosslinking domain and the prey does not, then the recipient gains a new 

activity, but loses the ability to crosslink actin. We hypothesize that recombination in the 

tap-1 core splices a new 3' end to the existing 5' end of tap-1 on the chromosome, 

allowing the cell to use its resident T6SS to secrete newly acquired effectors, while 

retaining the ACD on VgrG-1. In consequence, the recipient predator bacterium would 

change its compatibility group, allowing the strain to kill bacteria with which it was 

previously compatible - including its parental kin. The ability to horizontally acquire 

genes from incompatible strains in the environment permits strains to diversify and to 

select for adaptive traits beneficial for persistence in the environment or the host. 
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Chapter 6 

Classical V. cholerae strains are weak microbial competitors 

 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

Stefan Pukatzki recovered the T6SS gene cluster of PA1849. Ashley Wilton generated 
data for Figure 6-3B and Figure 6-9.  
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6 Classical V. cholerae strains are weak microbial competitors 

6.1 Introduction 

The current 7th cholera pandemic follows six cholera pandemics of the 19th and 

20th centuries (Pollitzer, 1959b). The 7th pandemic is caused by O1 serogroup strains of 

the El Tor biotype, whereas the six pandemics leading up to the 7th pandemic were 

caused by O1 serogroup strains of the classical biotype (Faruque et al., 1998). How 

strains of the classical biotype got replaced by strains of the El Tor biotype in causing 

pandemics remains a mystery.  

Strains of the classical biotype differ from strains of the El Tor biotype in their 

phenotype, their genotype, and their virulence potential (Chun et al., 2009; Kaper et al., 

1995). Historically, the two biotypes are differentiated from each other based on the 

ability of El Tor strains to agglutinate chicken erythrocytes and to cause a colour change 

indicating acetoin production in the Voges-Proskauer reaction (Kaper et al., 1995). In 

contrast to El Tor biotype strains, classical strains can be inhibited by polymyxin B 

(Kaper et al., 1995) and lysed by biotype-specific phages like the classical IV 

bacteriophage (Mukerjee, 1963) and the FK bacteriophage (Takeya et al., 1981). O1 

serogroup strains are further classified based on their surface antigens into the serotypes 

Ogawa and Inaba (Sakazaki and Tamura, 1971). Analysis of the whole genome 

sequences of strains of classical and El Tor biotypes segregates the biotypes into the two 

different phylocore genome subclades 1 and 2, respectively (Chun et al., 2009; Devault et 

al., 2014). The phylocore genome clade of pandemic strains is defined by the gene 

content shared by all pandemic strains (Chun et al., 2009). By acquiring genetic elements 

and islands, a common ancestor of all pandemic strains might have evolved into two 

different lineages that are now called phylocore genome subclades 1 and 2 (Chun et al., 

2009). Strains of the two biotypes contain different alleles of ctxB which encodes the 

cholera toxin B subunit. Classical strains encode two copies of the ctx operon 

(Mekalanos, 1983; Moseley and Falkow, 1980) in their genome whereas most El Tor 

strains encode a single copy of the ctx operon. An example of an El Tor strain with two 

ctx copies is HK1, which was isolated in Hong Kong in 1961 (Mekalanos, 1983). Strains 

of the classical biotype cause more severe disease symptoms than strains of the El Tor 
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biotype (Gangarosa, 1974). One reason might be the difference between the two biotypes 

in the expression of virulence factors like cholera toxin. Classical strains produced about 

20 times more cholera toxin in the ligated ileal loop than El Tor strains (Jonson, 1990). 

Classical strains can be separated from El Tor strains based on genotype, phenotype, and 

the severity of disease symptoms. Recently, hybrid strains have been reported (Nair et al., 

2002). An example of such a hybrid is an El Tor variant that encodes the cholera toxin-

encoding genes of classical strains (Safa et al., 2010). 

Recent sequencing of an ancient V. cholerae genome from a preserved intestine of 

a cholera patient who died during the Philadelphia cholera epidemic of 1849 provides 

insights into the second V. cholerae pandemic. It is likely that the patient was a male who 

was infected as part of the second pandemic that started in 1829 and ended in 1851 

(Devault et al., 2014; Pollitzer, 1959b). The resulting genome PA1849, displayed 95% 

similarity to the genome of the classical strain O395 it was mapped to (Devault et al., 

2014). Plasmids and genomic islands unique to PA1849 and absent in O395 would not 

have been detected. Besides single nucleotide polymorphisms that differ between the two 

genomes, the PA1849 genome contained the classical ctxB and lacked three genomic 

islands (GI 11, 14, 21). Genomic islands 11 and 21 were predicted to be prophages, and 

GI-14 contained 12–15 genes that encode hypothetical proteins (Chun et al., 2009). The 

exact number of ctx repeats could not be determined due to low sequence coverage 

(Devault et al., 2014).  

The T6SS of isolates from the second and sixth pandemics have not yet been 

systematically analyzed. To study the T6SS of a second pandemic strain, I took 

advantage of the available genome sequence of V. cholerae PA1849. I tested the 

competitiveness of classical strains and their ability to engage in and resist bacterial 

killing. 
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6.2 Results 

6.2.1 The second pandemic strain belongs to the AAA compatibility group  

Characterization of the V. cholerae T6SS focused on more recently isolated 

strains because the lack of isolates and their genome sequences made it impossible to 

characterize earlier strains. The reconstruction of the genome of a second pandemic V. 

cholerae strain from 1849 (Devault et al., 2014) offered a unique opportunity to study the 

T6SS of a second pandemic strain. Comparison between the T6SS gene clusters of a 

variety of V. cholerae strains revealed conserved genes that encode structural and 

regulatory components and diverse effector and immunity protein encoding genes 

(Unterweger et al., 2014). The latter are encoded on genetic elements we called effector 

modules and proposedly can be exchanged between V. cholerae strains. Two 

observations support this hypothesis. First, the GC content of these elements differs from 

the GC content of surrounding T6SS genes. Second, the distribution of these elements 

among V. cholerae strains does not always follow the phylogeny of these strains 

determined based on house-keeping genes and thus argues against inheritance of these 

elements by lateral gene transfer, for example for VL426. We further revealed that the set 

of effector modules determines the ability of a V. cholerae strain to coexist with other 

strains in direct contact under conditions that permit for T6SS-mediated killing. Two 

strains with the same effector module set are able to coexist and thus called compatible. 

Two strains that differ in their effector module set are outcompeting each other in a 

T6SS-dependent manner and thus called incompatible. Based on the T6SS effector and 

immunity proteins encoded in the gene clusters of the strain PA1849, we can make 

predictions about other strains PA1849 would be able to coexist with or outcompete. The 

integrity of the genes encoding structural and regulatory T6SS components will tell us 

about the functionality of the system.   

To analyze the T6SS effector and immunity proteins of PA1849, we extracted the 

T6SS gene clusters of the reconstructed genome. Illumina reads were downloaded from 

the Sequence Read Archive of NCBI (accession number SRP029921). Single reads with 

an average length of 80 basepairs, adding up to a total of 172,138,676 raw reads, were 

assembled onto the T6SS gene clusters of V. cholerae O395 (NC_009456.1 for 
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chromosome 1 and NC_009457.1 for chromosome 2) using CLC software. As the DNA 

had been stored for 165 years, the sequences contained gaps. However, over 64% of the 

amino acid sequences for TsiV1, TsiV2, and TsiV3 were determined, which was 

sufficient to determine the compatibility group of PA1849. Alignments between the 

available amino acid sequences of TsiV1, TsiV2, and TsiV3 from the strain PA1849 and 

the El Tor strain N16961 revealed that immunity proteins of the two strains were highly 

similar (Figure 6-1A-C). The amino acid sequence of TsiV1PA1849 possibly differed from 

that of TsiV1N16961 at position 180 by the substitution of a tryptophan (W) with a glycine 

(G). To further test the confidence in this amino acid substitution, we analyzed the quality 

of the sequence (Figure 6-2). Based on the low coverage and the contradictory sequence 

of individual contigs, it was unclear whether an amino acid exchange in TsiV1 at position 

180 had occurred. Over the length of the available amino acid sequence, TsiV2 and 

TsiV3 of PA1849 differed from the TsiV2 and TsiV3 sequences of N16961, each by one 

amino acid, D219E and N44D, respectively. This analysis indicated that PA1849 encodes 

immunity proteins of the AAA compatibility group. 
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Figure 6-1 T6SS compatibility group and gene cluster of PA1849. 
(A-C) The immunity proteins TsiV1 (A), TsiV2 (B), and TsiV3 (C) of PA1849 and 
N16961 are highly similar. MUSCLE alignments of the indicated amino acid sequences 
are shown. The green bar indicates identical amino acids. Three differences between the 
available sequences of PA1849 and N16961 lack a green bar and are highlighted and 
enlarged. At all the other regions for which no green bar is indicated, no sequence of 
PA1849 is available for comparison. (D) PA1849 encodes three nonsense mutations in 
the large T6SS gene cluster. Graphical depictions of the open-reading frames in the T6SS 
gene clusters of N16961 and PA1849 drawn to scale are shown. Nonsense mutations are 
highlighted and differences between the two nucleotide sequences at this point are 
enlarged. 
 
 

Next, we asked whether PA1849 was capable of assembling a functional T6SS 

based on its genes encoding the proteins necessary for a functional secretion system. We 

compared the open reading frames in the nucleotide sequence of the large T6SS gene 

cluster of PA1849 to the ones in the O1 serogroup El Tor biotype strain N16961. We 

observed nonsense mutations in three genes (Figure 6-1D). Insertion of TC at position 

174 in vipA resulted in a premature stop codon at position 196 instead of 507 (Figure 6-

1D). Insertion of TG at position 801 in VCA0114 resulted in a premature STOP codon at 

position 904 instead of 1333 (Figure 6-1D). Deletion of 8 nucleotides at position 514 in 

vasK resulted in a premature STOP codon at position 528 instead of 3544 (Figure 6-1D). 

VipA encodes a component of the contractile outer T6SS sheath and a mutant lacking 

vipA does not secrete Hcp; Hcp secretion is the hallmark of a functional T6SS (Basler et 

al., 2012). VasK and VCA0114 have been described to encode other essential components 

of the T6SS, as indicated by there being no detectable secretion of Hcp in their absence 

(Raskin et al., 2006; Zheng et al., 2011).   Over   the  total  length  of  the  24,160  bp  that 
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constitute the three T6SS clusters, the nucleotide sequence could not be compared at 227 

positions (0.9%) due to the lack of PA1849 sequence. In addition to the three nonsense 

mutations, 98 single nucleotide polymorphisms were detected, which could further affect 

the function of T6SS proteins if they resulted in amino acid substitutions.  

 

 

Figure 6-2 Coverage of tsiV1 from PA1849. 
Sequence reads covering the codons of the amino acids 163 and 180. The differentially 
coloured reads, the consensus sequence, and the sequence of N16961 are shown. The 
boxes highlight the codons of the indicated amino acids. 
 

 

In summary, our analysis suggests that bacteria of the strain PA1849 belong to the 

AAA compatibility group and harbour nonsense mutations in three T6SS genes that all 

encode essential proteins for a functional secretion system. I concluded that PA1849 

carried a nonfunctional T6SS. 

 

6.2.2 Classical V. cholerae strains do not engage in microbial competition  

Comparison of the whole genome of the V. cholerae isolate PA1849 with the 

genomes of isolates from more recent pandemics revealed that PA1849 is closely related 

to V. cholerae strains of the classical biotype (Devault et al., 2014). An earlier analysis of 

the T6SS gene cluster of the classical V. cholerae strain O395 also indicated nonsense 

mutations in the large T6SS gene cluster (MacIntyre et al., 2010). We hypothesized that 

nonsense mutations in the large T6SS cluster are common among classical strains 

spanning four cholera pandemics. We took a bioinformatics approach on a larger sample 

size to test this hypothesis. 
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Figure 6-3 T6SS activity of classical V. cholerae strains. 
(A) Classical V. cholerae strains harbor nonsense mutations in the large T6SS gene 
cluster. The result of a MAUVE alignment of the nucleotide sequences of the indicated 
strains is shown. The extractions of vipA start at position 170, of VCA0114 at position 
800 and of vasK at position 510 of the individual genes. (B) Classical V. cholerae strains 
do not express Hcp when grown in liquid, on a plate, or on mucin columns. Cultures were 
grown under the indicated conditions and analyzed by western-blot and immunoblotting 
using purified antibodies against anti-DnaK and anti-Hcp serum. (C) Classical V. 
cholerae strains do not engage in T6SS-mediated killing. E. coli were exposed to the 
indicated V. cholerae strains in a killing assay for 4 hours at 37 ºC at a ratio of 1:1. A 
competitive index was determined by dividing the ratio of surviving E. coli/V. cholerae 
determined at t = 4 h by the ratio determined at t = 0 h. The data points and the mean of 
two experiments, each performed in duplicate, are shown. 
 

 

To analyze the large T6SS gene clusters, we extracted the respective sequences 

from the genomes of 21 classical V. cholerae strains isolated over a 50-year period (from 

1940 to 1990). The 21 sequences were aligned to the sequence of the large cluster of 

strain N16961 as a reference and to the sequence of the large cluster of strains C6706 and 

V52 that are widely used for studies of a functional T6SS (Raskin et al., 2006; Zheng et 

al., 2010). Sequence comparisons revealed a variable number of one to three nonsense 

mutations (Figure 6-3A). All 21 analyzed sequences from classical strains lacked the 

same eight nucleotides in vasK (Figure 6-3A); 16 of 22 sequences had a TG nucleotide 

insertion in VCA0114 and a T nucleotide insertion in vipA (Figure 6-3A). The same 

andthis is aga 
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mutations were detected in PA1849 resulting in nonsense mutations in three genes that, 

when deleted, abolished Hcp secretion. 

To test the ability of classical strains to engage in microbial competition, we 

mixed the strains CA401 or NIH41 with E. coli in a killing assay. Streptomycin-resistant 

V. cholerae strains were mixed with rifampicin-resistant E. coli at a ratio of 10:1 and 

incubated for 4 h at 37 °C. After incubation, the bacteria were scraped off, serially 

diluted, and plated onto plates with streptomycin or rifampicin to select for V. cholerae or 

E. coli, respectively. Similar to previous experiments, killing of E. coli was detected 

when bacteria were exposed to V52 but not when exposed to V52!vasK which lacks a 

functional secretion system (Figure 6-3B). E. coli exposed to classical V. cholerae strains 

were enumerated at numbers similar to the numbers enumerated after exposure to 

V52!vasK. This suggested that classical V. cholerae strains do not engage in E. coli 

killing. Further experiments are required to test if T6SS genes are expressed under the 

conditions tested. The El Tor strain C6706, for example, requires an inducing signal, like 

the host factor mucin, to express T6SS genes under laboratory conditions. 

In summary, nonsense mutations in genes encoding essential structural T6SS 

components were found in the genomes of all analyzed classical strains. Unlike the 

killing of E. coli observed for bacteria of the V. cholerae strain V52, killing of E. coli was 

not observed for the classical strains CA401 and NIH41.  

 

6.2.3 Some classical V. cholerae strains are sensitive to a T6SS-mediated attack of 

bacteria from the same compatibility group  

Compatibility groups comprise bacterial strains that have the T6SS effector and 

immunity proteins in common, which renders them immune to each other’s T6SS-

mediated attacks and allows them to coexist in direct contact (Unterweger et al., 2014). 

To determine the compatibility group membership of the analyzed 21 classical V. 

cholerae strains, I took a bioinformatics approach and tested compatibility 

experimentally.    
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Figure 6-4 Classical strains harbor multiple amino acid substitutions in TsiV1. 
(A) Amino acid sequences of TsiV1 cluster into 4 groups. A radial tree showing names of 
the strains that harbor the analyzed TsiV1. (B) Overview of the 4 different TsiV1 
sequences. The positions and the respective amino acids at which the sequences differ 
from each other are shown. (C) A model of TsiV1 (sequence 1) highlighting amino acids 
that differ between the TsiV1 proteins. The model with up to 38% confidence was built 
using Phyre2 intensive modeling.  
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Figure 6-5 TseL is highly conserved among classical strains. 
(A) TseL is highly conserved except for TseL of the strain O395. A radial tree with the 
names of the strains that harbor the analyzed TseL is shown. (B) TseL of O395 differs 
from TseL of other strains by a histidine at position 528. The position and the amino acid 
that differs between the TseL proteins is indicated. (C) The amino acid at position 528 
maps to a different site than the active site of TseL. The model of TseL (sequence 1) was 
created with up to 100% confidence using intensive Phyre2 modeling.   
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I started my analysis with the amino acid sequences of the immunity protein 

TsiV1. Comparison of the TsiV1 amino acid sequences from classical strains to the 

TsiV1 amino acid sequences of N16961 and 16 additional strains that were previously 

shown to contain TsiV1 (Unterweger et al., 2014) revealed an overall sequence identity 

among all sequences of 98.8%. Visualization of the alignment in a radial tree shows 4 

groups of sequences (Figure 6-4A). The four TsiV1 amino acid sequences vary by amino 

acids at positions 4, 163, and 237 (Figure 6-4B) based on single nucleotide substitutions 

T12G, A487T, and/or G709A in tisV1. To determine where the 3 amino acids map to the 

three-dimensional structure of TsiV1, I created a structural model of TsiV1 (sequence 1) 

with up to 38% confidence. The model of TsiV1 revealed that the amino acids at 

positions 4, 163, and 237 map to different sites of the protein. If these amino acid 

substitutions affect TsiV1 function, they are expected to do so differently.  

TsiV1 was previously shown to inhibit TseL-mediated killing (Dong et al., 2013; 

Unterweger et al., 2014). To test if strains that differ in their TsiV1 amino acid sequence 

also contain different TseL amino acid sequences, we compared the amino acid 

sequences of TseL from all strains that were analyzed for TsiV1 (Figure 6-4). The 

alignment reveals that all strains except O395 harbor identical TseL proteins (Figure 

6-5A). TseL of O395 differs by a single amino acid substitution from tyrosine to histidine 

at position 528 (Figure 6-5B). To determine the proximity of 528Y to the active site of 

TseL, which is a potential binding site for TsiV1 as shown for the interaction between 

TsiV3 and VgrG-3 (Zhang et al., 2014), I created a model of the protein structure of TseL 

with up to 100% confidence. In this model, 528Y is not found close to the active site 

425D (Figure 6-5C), suggesting that this substitution does not affect the interaction with 

an immunity protein that usually interacts with an effector close to the active site. Taken 

together, the analyzed classical strains harbor TsiV1 proteins with multiple amino acid 

substitutions and have a highly conserved TseL. 

To extend this analysis to the immunity proteins TsiV2 and TsiV3, I aligned the 

respective sequences of the 21 classical strains to TsiV2 and TsiV3 of N16961, 

respectively. TsiV2 in all the analyzed sequences is identical to TsiV2 in N16961 (Figure 

6-6A). Similarly, TsiV3 in all the analyzed sequences is identical to TsiV3 in N16961 

(Figure 6-6 B). Based on the similarity of TsiV1, TsiV2, and TsiV3 of the classical 
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strains to the respective sequences of N16961, we grouped all the classical strains into the 

same compatibility group AAA as N16961. Taking the different TsiV1 amino acid 

sequences into account that are reflected in subfamilies, the classical strains can be 

further differentiated into strains of the compatibility groups A1A1A1 (e.g., strain 

NIH41), A2A1A1 (e.g., strains CA401 and O395) and A4A1A1 (e.g., strain A46). 

 

 

Figure 6-6 TsiV2 and TsiV3 of classical strains are highly conserved. 
TsiV2 (A) and TsiV3 (B) from classical strains are identical to the respective proteins of 
strain N16961. Radial trees with the names of strains that harbor the analyzed sequence 
of TsiV2 and TsiV3, respectively, are shown. TsiV1 of N16961 was used as an outgroup. 

 

To test experimentally if classical strains are able to coexist with other bacteria of 

strains in the A1A1A1 compatibility group that have an active T6SS, we exposed bacteria 

of the classical strains O395, CA401, and NIH41 to strain V52 and V52!vasK in a killing 

assay (Figure 6-7). As controls for bacteria compatible and incompatible with V52, we 

exposed bacteria of the strain C6706 (compatibility group A1A1A1) and AM-19226 

(compatibility group C1D4F1), respectively, to V52. As expected, we recovered equal 

numbers of surviving C6706 when exposed to V52 or V52!vasK, whereas the number of 

surviving AM-19226 exposed to V52 or V52!vasK differed by 10,000,000 fold (Figure 

6-7). V52 killed O395 and CA401 by 10 fold in a T6SS-dependent manner. In contrast, 

NIH41 was recovered in equal numbers after exposure  to  wild-type  V52  or  V52!vasK 
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and is thus fully immune to a T6SS-mediated attack of other bacteria of the A1A1A1 

compatibility group. 

 

Figure 6-7 Some classical strains are susceptible to T6SS-mediated killing. 
Some classical strains are sensitive to a T6SS-mediated attack of an AAA strain. V52 or 
V52!vasK were mixed with the indicated strains in a killing assay at a ratio of 1:1 and 
incubated for 4 h. The competitive index was calculated by dividing the ratio of indicated 
strain/V52 determined at t = 4 h by the ratio determined at t = 0 h. The mean ± standard 
deviation of 2 independent experiments, each performed in duplicate, is shown.  

 

In summary, I showed that the analyzed classical strains belong to the AAA 

compatibility group. Two strains of the compatibility group A2A1A1 are susceptible to a 

T6SS-mediated attack of the A1A1A1-compatibility group strain V52.  

 

6.2.4 A single amino acid substitution in TsiV1 causes susceptibility to a T6SS-

mediated attack  

To further examine the molecular basis of the sensitivity of selected classical 

strains to a T6SS-mediated attack of strains of the A1A1A1 compatibility group, we 

focused on the differences in the immunity protein TsiV1. The TsiV1 in strains O395 and 

CA401, which are susceptible to A1A1A1-mediated killing, differs from the TsiV1 of the 

fully protected strain NIH41 by the amino acid substitution of isoleucine (I) to 

phenylalanine (F) at position 163 in TsiV1. 
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Figure 6-8 TsiV1 163I protects from a T6SS-mediated attack better than TsiV1 163F.  

V52 was mixed with the indicated strains in a killing assay at a ratio of 1:1 and incubated 
for 4 h on LB plates supplemented with arabinose to the final indicated concentrations. 
The competitive index was calculated by dividing the ratio of the indicated strain/V52 
determined at t = 4 h by the ratio determined at t = 0 h. The mean ± standard deviation of 
2 independent experiments, each performed in duplicate, is shown. 
 

   

To test the effect of this amino acid substitution at position 163 on the ability of 

TsiV1 to protect a V. cholerae strain from a T6SS-mediated attack, we performed a 

killing assay. An in-frame deletion mutant of tsiV1 was created in CA401. This mutant 

was transformed with a pBAD24 empty vector as a control or a pBAD24 vector carrying 

tsiV1 encoding either of the two alleles. CA401 and C6706 were used as controls for 

strains that endogenously express the proteins TsiV1 163F and 163I, respectively. A 

killing assay was performed in which the above strains were exposed to bacteria of the 

strain V52 (Figure 6-8). Similar to previous experiments, CA401 was more sensitive to 

T6SS-mediated killing than C6706 (Figure 6-8). A CA401 mutant lacking tsiV1 was 3 

fold more sensitive than CA401 wild-type. This indicates that the TsiV1 163F has some 

protective effect on CA401.  

To test to what extent TsiV1 163I and TsiV1 163F rescue CA401, we induced the 

expression of the TsiV1 proteins exposed to V52 with increasing arabinose 

concentrations ranging from 0 to 0.1%. At maximal induction, both TsiV1 163I and 

TsiV1 163F were able to fully rescue CA401 (Figure 6-8). Under lower inducing 

conditions, TsiV1 163I and  TsiV1  163F  showed  differences  in  their  ability  to  rescue   
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CA401 (Figure 6-8). TsiV1 containing 163I was more efficient at rescuing CA401 than 

TsiV1 containing 163F. The low arabinose concentration of 0.001% was previously 

shown to induce low levels of gene expression from the pBAD promoter (Judson and 

Mekalanos, 2000) and mimics the naturally low expression levels of immunity protein-

encoding genes as shown for the promoter upstream of tsiV2 (Miyata et al., 2013). Sarah 

Miyata and colleagues created transcriptional fusions of the immunity gene promoter to 

lacZ and of the hcp promoter to lacZ. The promoter of the immunity gene drove 

transcription at about 8 fold lower levels than the promoter of hcp, as determined in a #-

galactosidase assay.  

Taken together, these results indicate that TsiV1 protects CA401 from a T6SS-

mediated attack and suggest that when expressed at low levels, TsiV1 with isoleucine at 

position 163 provides better protection than TsiV1 with phenylalanine at position 163.  

 

6.2.5 Classical strains are outcompeted by non-AAA V. cholerae strains 

V. cholerae strains that belong to compatibility groups other than AAA are 

putative competitors of the classical strains. We have previously shown that strains of 

different compatibility groups outcompete each other (Unterweger et al., 2014). Based on 

the different compatibility group membership between classical strains and non-AAA 

strains, we hypothesized that classical strains would be outcompeted by non-AAA 

strains. 

Therefore, we exposed classical V. cholerae strains to non-AAA strains DL4211, 

DL4215, V51, and 1587 in a killing assay at a ratio of 1:1. As a control for no 

competition, only streptomycin- and only rifampicin-resistant classical strains were 

mixed. A competitive index of 1 indicates no competition, as shown for bacteria of the 

classical strains exposed to kin alone (Figure 6-9). After exposure to non-AAA strains, 

1,000 to 10,000 fold less bacteria of the classical strains were recovered (Figure 6-9).  

Taken together, these results indicate that CA401 and NIH41 are sensitive to 

antiprokaryotic killing of non-AAA strains. 
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Figure 6-9 Classical strains are killed by non-AAA V. cholerae strains.  
Classical strains CA401 and NIH41 were exposed to indicated V. cholerae strains at a 
ratio of 1:1 and incubated for 4 h at 37 °C. The competitive index was calculated by 
determining the ratio of CFU/ml between two strains as indicated below the graph and by 
dividing this ratio determined at t = 4 h by the ratio determined at t = 0 h. The mean ± 
standard deviation of two independent experiments, each performed in duplicate, is 
shown. 
 

6.2.6 Model for gain, loss, and exchange of T6SS mutations among classical V. 

cholerae strains  

Previous experiments showed genetic differences between the T6SS gene clusters 

of classical strains and phenotypic differences in the ability of these strains to resist and 

engage in microbial killing. I then became interested in how the different phenotypes 

relate to the various genotypes, and hypothesized that an increasing number of mutations 

in the T6SS gene clusters were acquired during the evolution of these strains. 

Therefore, I compared the T6SS between classical and El Tor strains of a 

phylogenetic tree that was created by Devault and colleagues based on the core genome 

of the indicated strains (Devault et al., 2014) (Figure 6-10). The mutations in vipA, 

VCA0114, vasK, and the amino acid substitutions of  TsiV1  were  indicated.  Strains  for 
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which we did not previously analyze the T6SS were indicated with !. This analysis 

shows that the classical strains share the eight basepair deletion within vasK that is not 

found among strains of the phylocore genome-1 clade. Insertions within vipA and 

VCA0114 are found only among some classical strains. TsiV1 with a phenylalanine at 

position 163 are also found only among some classical strains and are not found among 

strains of the phylocore genome-1 clade (Figure 6-10). The analyzed changes in the 

genotype of the T6SS are thus unique to classical strains; the eight basepair deletion 

within vasK is the only mutation shared by all analyzed classical strains. 

 

 

Figure 6-10 Phylogeny of V. cholerae strains and their T6SS gene clusters. 

Maximum likelihood tree based on the core genome of indicated V. cholerae strains. 
Classical strains are highlighted in orange. Insertions, deletions, and nucleotide 
substitutions that were studied in previous sections are indicated on the right. Strains of 
which the T6SS gene clusters were not analyzed are marked with !. Phylogenetic tree 
reproduced with permission from Devault et al., 2014, Copyright Massachusetts Medical 
Society. 
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Figure 6-11 Phylogeny of classical V. cholerae strains and the acquisition of T6SS 
mutations. 

(A) Phylogeny of classical V. cholerae strains. Parts of a maximum parsimony phylogeny 
constructed by (Devault et al., 2014) are shown. The branch length is not drawn to scale 
for visual clarity. Mutations within the T6SS are shown on the right. Phylogenetic tree 
reproduced with permission from Devault et al., 2014, Copyright Massachusetts Medical 
Society. (B) Model for the evolution of classical strains and the acquisition of mutations 
within the T6SS. Arrows indicate the described change to the T6SS gene cluster. 
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To study the phylogeny between closely related classical V. cholerae strains, we 

made use of a phylogenetic tree constructed by (Devault et al., 2014) in which branch 

length was not drawn to scale to improve visual resolution (Figure 6-11 A). Analysis of 

the tree and the mutations within the T6SS show that closely related strains harbor the 

same mutations, for example, strains A61 and A57. Examples for closely related strains 

are GP8, which was isolated in India in 1970 and does not contain nonsense mutations in 

vipA and VCA0114, and A70, which was isolated in Bangladesh in 1969 and contains 

nonsense mutations in vipA and VCA0114 (Figure 6-11A). Because all strains with a 

frameshift mutation in VCA0114, for example, share the same insertion of TG at position 

801, it is unlikely that these insertions were acquired independently, and we speculate 

that the insertion was acquired by an ancestor these strains share in common. Identical 

mutations in distantly related strains are indications of horizontal gene transfer of mutated 

genes between distantly related strains. 

To better understand the acquisition of mutations within the T6SS gene clusters 

during the evolution of classical V. cholerae strains, I built a hypothetical model based on 

the analyzed strains (Figure 6-11 B). In this model, the eight basepair deletion within 

vasK, the insertion of T in vipA, and the insertion of TG in VCA0114 were acquired by a 

common ancestor of all analyzed classical strains, including PA1849, and separate these 

strains from strains (like N16961) of the phylocore genome-1 clade. During the 

subsequent evolution of PA1849, separately from the other classical strains, PA1849 

acquired an additional insertion of cytosine in vipA (Figure 6-11B). The common 

ancestor in strains other than PA1849 acquired a nucleotide substitution A487T in tsiV1, 

causing the exchange of isoleucine with phenylalanine at position 163 of TsiV1 and 

giving rise to strains like A51. Strains like A66 would have resulted from an additional 

nucleotide substitution of G709A in tsiV1. Strains that are the furthest evolved (like A76) 

do not show signs of nonsense insertions in vipA and VCA0114, or signs of nucleotide 

substitutions in tsiV1. This could be explained by horizontal gene transfer events between 

these classical strains and strains with an intact T6SS gene cluster like N16961 (Figure 

6-11B). In summary, our model suggests that classical strains acquired mutations in their 

T6SS gene clusters in multiple steps. Mutations in genes encoding structural T6SS genes 

are suggested to predate mutations in the immunity protein encoding genes. The 
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individual mutations possibly were inherited from a common ancestor in most cases and 

might have been reversed in selected cases by the acquisition of intact genes via 

horizontal gene transfer.  

 

6.3 Discussion 

Starting with the analysis of the T6SS gene cluster of the oldest sequenced 

classical V. cholerae isolate, we used bioinformatics, genetics, and functional assays to 

study the competitiveness of classical O1 serogroup V. cholerae strains. Our results 

suggest that the second pandemic strain PA1849 belongs to the AAA compatibility group 

and carries nonsense mutations in its large T6SS gene cluster. The same mutations that 

affect genes encoding essential T6SS components are found in the genomes of 21 

additional classical strains. Analysis of classical strains in a killing assay showed that 

they do not engage in T6SS-mediated competition. Even though all analyzed classical 

strains belong to the AAA compatibility group, a subset of strains carries an amino acid 

substitution in TsiV1 rendering these strains susceptible to a T6SS-mediated attack of an 

AAA compatibility group strain with an active T6SS. Like all AAA compatibility group 

strains tested so far, our results indicate that classical strains are susceptible to 

antibacterial killing by non-AAA strains. Finally, we wondered how mutations in T6SS 

genes were acquired during the evolution of V. cholerae strains and speculated about the 

acquisition and the exchange of mutated T6SS genes among classical strains. 

Based on our results, we propose a model for the competitiveness of classical O1 

serogroup strains in T6SS-mediated microbial competition (Figure 6-12). In the 

remaining discussion, I focus on three key aspects of microbial competitiveness of 

classical strains: the ability to engage in T6SS-mediated killing, susceptibility to killing 

by other V. cholerae strains, and coexistence with strains of the same compatibility 

group.  
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Figure 6-12 Model summarizing the competitive behaviour of non-classical and classical 
V. cholerae O1 serogroup strains. 
 (A) Nonclassical strains of the A1A1A1 compatibility group contain a functional T6SS 
to kill non-AAA V. cholerae strains (top right) and bacteria of other species (bottom). 
Fully functional immunity proteins protect from a T6SS-mediated attack of other bacteria 
of the A1A1A1 compatibility group (top left). (B) Inability to engage in T6SS-mediated 
killing renders strains like NIH41 sensitive to a T6SS-mediated attack of non-AAA 
strains. (C) Mutations in immunity proteins like TsiV1 renders strains like CA401 
additionally sensitive to a T6SS-mediated attack of strains of the A1A1A1 compatibility 
group. 
Arrows indicate the direction of microbial killing. The same colour indicates the same 
compatibility group. Dotted lines indicate the inability to engage in killing or the 
susceptibility of bacteria to killing by other bacteria. 
 

 

Our results suggest that classical strains do not utilize their T6SS to kill other 

prokaryotic cells under laboratory conditions (Figure 6-12). This lack of killing could 

originate from the lack of expression of T6SS genes or the inability of expressed T6SS 

proteins to form a functional T6SS apparatus. Further experiments including qRT-PCR 

analysis of T6SS genes would be required to determine the expression levels of T6SS 

genes in classical strains. If classical strains do not express T6SS genes under laboratory 

conditions, we could pursue experiments looking for Hcp expression in the presence of 

known activators of the T6SS, like mucin (V. Bachmann and B. Kostiuk, unpublished 

observation), expression of VasH (Kitaoka et al., 2011), and expression of Tfox 

(Borgeaud et al., 2015). To test the cause-effect relationship between nonsense mutations 

in the three genes vipA, VCA0114, vasK, and the inability to  form  a  functional  T6SS,  I 
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suggest the repair of these mutations on the chromosomes of classical strains and the 

testing of their ability to gain a functional T6SS by analysing Hcp secretion and killing of 

E. coli. Alternatively, the three nonsense mutations could be inserted into the 

chromosome of V52, which has an active T6SS. The resulting mutants could be analyzed 

for their ability to secrete Hcp as read-out for an active T6SS. Loss of Hcp secretion upon 

insertion of the nonsense mutations would indicate that the mutation interferes with a 

protein required for a functional T6SS.  

The inability to engage in bacterial killing has advantages and disadvantages. 

Advantages are an increase in available energy resources and protection from an immune 

response. The T6SS requires ATP for its disassembly (Pietrosiuk et al., 2011) that could 

be used for other purposes if a strain is not having an active T6SS. Experiments on the 

infant mouse model of cholera have shown that the T6SS activates an immune response 

(Ma and Mekalanos, 2010). The absence of T6SS activity could allow a bacterium to 

evade the immune system during infection. In contrast, the inability to kill microbial 

competitors might lower the availability of foreign DNA for uptake (Borgeaud et al., 

2015), reduce resistance to conjugation (Ho et al., 2013) and lower the response to 

antiprokaryotic activities of other bacteria (LeRoux et al., 2015). In summary, we observe 

that an inability to engage in microbial killing reduces the competitiveness of classical 

strains (Figure 6-12 A, B interaction with bacterium on the bottom).  

During intraspecific competition in which bacteria of two strains from different 

compatibility groups fight against each other in a T6SS-dependent manner, the ability to 

engage in T6SS-dependent competition can be crucial to win the fight (Unterweger et al., 

2014). For example, when incubating bacteria of the AAA compatibility group strain 

V52, that have an active T6SS, with bacteria of the non-AAA compatibility group strain 

AM-19226 at a ratio 1:1, after four hours 1,000 fold more V52 than AM-19226 is 

recovered (Unterweger et al., 2014). When incubating V52!vasK, that does not have an 

active T6SS, with AM-19226 at a ratio 1:1, after four hours 1,000 fold less V52!vasK 

than AM-19226 is recovered. Our experiments showed that the classical strains are 

outcompeted by non-AAA V. cholerae strains with an active T6SS. To test if an active 

and functional T6SS would rescue the classical strains in such a scenario, we could make 

use of the classical strains with a repaired T6SS. In our model, the lack of classical V. 
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cholerae strains to counterattack T6SS-mediated killing by other V. cholerae strains 

further restricts their competitiveness (Figure 6-12 A, B, interaction with bacterium top 

right). 

The majority of the classical strains analyzed here encode an amino acid 

substitution in TsiV1 that increases their sensitivity to a T6SS-mediated attack of V. 

cholerae strains from the AAA compatibility group. Coexistence with other bacteria of 

the same compatibility group is an important feature of the concept of compatibility. The 

difference in this phenotype subdivides the analyzed classical strains into two groups 

(Figure 6-12 B, C). The inability of most classical strains to coexist with A1A1A1 

compatibility group strains with an active T6SS further narrows the spectrum of bacteria 

with which classical strains with the TsiV1 163F protein can coexist in direct contact. 

Pradhan and colleagues observed that El Tor strains outgrow classical strains in coculture 

but not in monoculture (Pradhan et al., 2010). When grown in direct contact with the El 

Tor strain N16961 for over 6 h in liquid culture, the classical strain O395 enters a 

culturable but nonviable state (Pradhan et al., 2013). These observations indicate that 

classical strains are outcompeted by strains of the A1A1A1 compatibility group also 

under conditions in which T6SS-mediated killing does not occur, such as liquid culture 

(MacIntyre et al., 2010).  

I summarize three forms of competitiveness among V. cholerae strains based on 

the ability to engage in and respond to a T6SS-mediated attack. Classical strains lack the 

ability to engage in a T6SS-mediated attack (Figure 6-12 B, C) and lack the ability that 

other strains have to kill bacteria of another or the same species (Figure 6-12 A). Most of 

the analyzed classical strains additionally lack protection from a T6SS-mediated attack of 

bacteria of the A1A1A1 compatibility group (Figure 6-12 C). Our model suggests that 

mutations affecting the ability to engage in T6SS-mediated killing predate the acquisition 

of mutations affecting the ability to be protected from a T6SS-mediated attack of the 

A1A1A1 compatibility group.   

If classical strains are such weak microbial competitors, how then can they 

successfully have caused six cholera pandemics? One possible explanation is a scenario 

in which classical strains outcompete their microbial competitors by means other than 

killing them. Classical strains are successful in infecting the human host and in causing 
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severe disease symptoms therein (Gangarosa, 1974). For strains of the El Tor biotype, 

which produce less cholera toxin and cause milder disease symptoms than classical 

strains, the elimination of bacterial competitors by killing them in a T6SS-dependent 

manner might be important for the following reason. A certain level of cholera toxin is 

required to induce water efflux from intestinal epithelial cells. Because El Tor strains 

produce cholera toxin at low levels, high numbers of bacteria might be required to locally 

produce enough cholera toxin to reach the water efflux threshold. T6SS-mediated killing 

might be one mechanism for El Tor strains to locally reach a high cell density of cholera-

toxin producing bacteria. 

 

Figure 6-13 Classical V. cholerae strains and cholera pandemics. 
(A) Classical V. cholerae strains (indicated as dots) ordered by year of isolation (x-axis) 
and the amino acid at position 163 of TsiV1 (y-axis). The nucleotide change from 
adenosine to thymine at position 487 of tsiV1 that gives rise to TsiV1 163F with an 
impaired ability to protect against TseL of A1A1A1 compatibility group strains is 
indicated by an arrow. The second arrow indicates the timepoint after which classical 
strains with TsiV1 163I, possibly as a result of a horizontal gene transfer (HGT) event, 
were isolated. (B) The 7th cholera pandemic starting in 1961 is caused by O1 serogroup 
strains of the El Tor biotype. Strains of the classical biotype are only isolated 
occasionally.  
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Our model for the acquisition of mutations in the T6SS gene cluster indicates a 

horizontal gene transfer event that restores vipA, VCA0114, and tsiV1. Despite the 

acquisition of intact vipA and VCA0114, the eight basepair deletion in vasK and thus a 

dysfunctional T6SS remain. In contrast, the acquisition of TsiV1 with an isoleucine at 

position 163 affects the phenotype of the strain by restoring its ability to coexist with 

strains of the A1A1A1 compatibility group. Six classical strains that were isolated 

between 1982 and 1990 benefitted from this horizontal gene transfer event (Figure 

6-13A). Fifteen classical isolates harboring a truncated TsiV1 with a phenylalanine at 

position 163 were isolated in the years 1949 to 1980. The strains isolated prior to 1949 

contained isoleucine at position 163 and a fully protective TsiV1. This finding further 

supports the acquisition of an amino acid substitution in TsiV1 in bacteria that already 

contained a dysfunctional T6SS. Because the cognate effector of TsiV1, TseL, is highly 

conserved (Figure 6-5), amino acid substitutions in TsiV1 would have not been tolerated 

in bacteria with a functional T6SS, and bacteria harboring such mutations would have 

been killed immediately by their parent or sister cells. The ability to coexist with bacteria 

of the A1A1A1 compatibility group might have become more important for classical 

strains over time because El Tor strains of the A1A1A1 compatibility group caused the 

7th pandemic starting in 1961 (Figure 6-13B). El Tor strains thus arose as a pandemic 

during a time in which the isolated classical strains were very weak microbial 

competitors and susceptible to a T6SS-mediated attack of A1A1A1 compatibility group 

strains like those of the El Tor biotype. 

Even though the second pandemic strain PA1849 was likely unable to engage in 

T6SS-mediated killing, our analysis suggests that it belonged to the AAA compatibility 

group. The concept of compatibility groups is based on effector modules that we 

hypothesize can be exchanged between V. cholerae strains by horizontal gene transfer. 

The presence of the AAA effector modules in the second pandemic strain indicates that 

these modules were acquired by V. cholerae prior to 1849. Based on the presence of the 

AAA effector modules in pandemic strains spanning the second to the current 7th 

pandemic, it is tempting to speculate that the acquisition of any other effector modules 

did not result in a selective advantage for pandemic strains. This could be due to a 



161 
 

temporarily dysfunctional T6SS and due to a selection pressure common to all pandemic 

strains to retain the AAA effector modules. 

In summary, our results suggest that classical V. cholerae strains that lack the 

ability to attack and to defend themselves are weak microbial competitors compared to 

nonclassical strains. The difference in microbial competitiveness could be one of 

numerous factors that potentially played into the replacement of pandemics caused by 

classical strains with the 7th and currently ongoing cholera pandemic caused by strains of 

the El Tor biotype. 
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7 General Discussion 

7.1 Diversity of T6SS effectors of V. cholerae 

Our analyses revealed a diversity of T6SS effectors that enable V. cholerae to 

outcompete prokaryotic and eukaryotic competitors. A variety of effectors can be found 

within and between V. cholerae strains. Here I discuss the biological significance of 

effector diversity and the T6SS, system requirements that are necessary to translocate 

such a diversity of effectors. 

 

7.1.1 Role of T6SS effector diversity in T6SS-mediated killing 

T6SS effectors differ in their enzymatic activity and substrate specificity. The 

presence of the respective substrate in the target cell and conditions that favor a 

detrimental effect of the effector enzymatic activity on the target cell are required for an 

effector to kill a bacterium. 

As of today, five T6SS effectors with four different enzymatic activities have 

been characterized in the V. cholerae strain V52. This O37 serogroup strain was used to 

identify T6SS effectors because its T6SS gene cluster is similar to that of pandemic V. 

cholerae strains and it has an active T6SS under laboratory conditions. The five 

characterized effectors comprise TseL with lipase activity, VasX with pore-forming 

activity, VgrG-1 with actin-crosslinking activity, and VgrG-3 and TseH with 

peptidoglycan-degrading activity (Altindis et al., 2015; Brooks et al., 2013; Miyata et al., 

2013; Pukatzki et al., 2007; Russell et al., 2013). VasX and TseL are referred to as cargo 

effectors because they are not part of VgrG proteins. The substrate specificity of VgrG-3 

and TseH needs to be further examined, as a wide variety of peptidoglycan-degrading 

effectors with varying substrate specificities have been described (Russell et al., 2011). V. 

cholerae strains other than V52 contain a variety of effectors with similar putative 

enzymatic activities (Unterweger et al., 2014). Effectors that are predicted to have the 

same enzymatic activity but differ in amino acid sequence by more than 70 percent are 

likely to have different substrate specificities (Unterweger et al., 2014). Such differences 

in substrate specificity have been described for peptidoglycan-degrading and lipase 

effectors (Russell et al., 2011; Russell et al., 2013). A T6SS effector with DNAse activity 
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has been identified in the V. cholerae strain HE48 (Ma et al., 2014b). The variety of 

enzymatic activities and substrate specificities among T6SS effectors reflects the variety 

of cell types and cellular structures found in nature. 

Individual T6SS effectors target a defined spectrum of cells. For example, the 

actin-crosslinking domain of VgrG-1 cause actin-crosslinking in eukaryotic cells but does 

not harm prokaryotic cells (MacIntyre et al., 2010; Pukatzki et al., 2007). No cognate 

immunity protein to the ACD of VgrG-1 has yet been described. Because a cognate 

immunity protein has been identified for all the antiprokaryotic effectors in V. cholerae, it 

is unlikely that the ACD of VgrG-1 plays a role in prokaryotic killing. This notion is 

further supported by the results of a killing assay in which equal levels of T6SS-mediated 

killing of an ACD-deficient mutant of V52 and wild-type V52 were observed (MacIntyre 

et al., 2010). The ability of V. cholerae V52 to kill a variety of V. cholerae strains and 

other bacterial species like E. coli has been tested by exposing the strain of interest to 

wild-type V52 and V52!vasK with a dysfunctional T6SS (MacIntyre et al., 2010; 

Unterweger et al., 2014). The role of individual effectors in the killing of individual 

bacterial species still remains to be studied. Killing assays in which V52 was mixed with 

E. coli or C6706!tsiV1-3 provide first indications for differing roles of individual 

effectors in the dependence of an attacked bacterium. For example, VgrG-3-mediated 

killing had a stronger effect on killing of E. coli than V. cholerae C6706 whereas VasX-

mediated killing of E. coli was less than that of V. cholerae C6706 (chapter 2). Despite 

the ability of V. cholerae V52 to kill a wide range of bacterial species, its target range is 

limited. No killing of P. aeruginosa has been observed (MacIntyre et al., 2010) despite 

the lack in P. aeruginosa of immunity proteins homologous to those in V. cholerae. Also, 

V. cholerae has not yet been shown to kill any Gram-positive bacteria (MacIntyre et al., 

2010). One reason for the inability of V. cholerae V52 to kill Gram-positive bacteria, 

could be that peptidoglycan is located outside of Gram-positive bacteria. T6SS effectors 

are likely not getting access to this peptidoglycan because they are injected into the 

cytoplasm of Gram-positive target cells.  

In addition to a limited target range, T6SS effectors require certain conditions to 

be deadly. Fu and colleagues observed killing of infant rabbits by VgrG-3 but not by 

VasX (Fu et al., 2013). Sarah Miyata observed VasX-mediated killing under conditions 
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of low but not high osmolarity (Miyata et al., 2013); likely due to the pore-forming 

activity of the effector and subsequent water influx into the cell in an environment of low 

osmolarity. Such an environment of low osmolarity might not be present in the intestine. 

Competition experiments between P. aeruginosa and Agrobacterium tumefaciens further 

exemplify the role of the surrounding conditions in the outcome of bacterial killing (Ma 

et al., 2014a). Ma and colleagues coincubated the two species on a LB agar plate and 

observed that P. aeruginosa outcompetes A. tumefaciens. When repeating the same 

experiment on a plant leaf, P. aeruginosa was outcompeted by A. tumefaciens. The role 

of individual effectors might explain the environmental influence on the outcome of this 

experiment, and environmental conditions can possibly differentially regulate the 

expression of individual effectors within a single bacterium. Further experiments are 

needed to test this hypothesis. 

These observations indicate that the diversity of T6SS effectors reflects the 

variety of molecular structures in competing cells. The composition of T6SS effectors 

therefore determines the target range of a given V. cholerae strain and the conditions 

under which it will be competitive. 

 

7.1.2 System requirements of the T6SS to accommodate the diversity of effectors 

The T6SS requires certain features to translocate such a diversity of effectors. 

These features are required for a single secretion system of a given strain to translocate 

multiple diverse effectors and for strains to incorporate newly acquired effectors into 

their T6SS. I assume that the same set of effectors is translocated with each firing event 

of a bacterium. It is also possible that the translocated effector set differs between firing 

events, either because individual effectors are differentially regulated or because certain 

effectors are present in excess and occupy the binding sites of effectors present at low 

abundance.  

The T6SS of V. cholerae provides three conserved interfaces to load up to five 

different effectors at once onto VgrG proteins at the tip of the T6SS (Figure 7-1). One 

interface is a covalent bond between the conserved core of a VgrG protein and an 

enzymatic effector domain as a C-terminal extension. Examples in strain V52 are the 
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actin-crosslinking domain of VgrG-1 and the peptidoglycan-degrading domain of VgrG-3 

(Brooks et al., 2013; Pukatzki et al., 2007). 

 

 

Figure 7-1 Simplified model of the loading of diverse T6SS effectors. 

(A) V. cholerae strains encode a conserved VgrG core and a variety of cargo effectors, C-
terminal extensions of VgrG proteins, and PAAR-domain proteins. (B) Cargo effectors 
and C-terminal extensions can be combined with the VgrG core. The interaction sites 
between cargo effectors and VgrG proteins remain to be identified and are speculatively 
indicated in this cartoon. (C) Three VgrG proteins form the trimer at the tip of the T6SS. 
Three examples for T6SS systems loaded with a different number and different kinds of 
effectors are shown. A variety of effector proteins can be associated with this tip, 
depending on what proteins are harboured by the individual strain. 
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Another interface is provided for cargo effectors like VasX and TseL by adaptor 

proteins like VasW and Tap-1, respectively, that likely load these effectors onto the 

secretion system (Miyata et al., 2013; Unterweger et al., accepted). The putative 

interaction site(s) at which VgrG proteins interact with cargo effectors remains to be 

identified. A third interface is a conserved domain of VgrG that mediates the interaction 

with PAAR domain proteins located at the very tip of the secretion system (Shneider et 

al., 2013).  

Similar enzymatic activities are found in effectors that use different interfaces. 

For example, peptidoglycan-degrading effectors can be cargo effectors or C-terminal 

extensions of VgrG proteins (Unterweger et al., 2014). However, the large size of an 

effector and its subsequent steric hindrance to other T6SS components could be a reason 

for the large pore-forming effector VasX (121 kDa), for example, to be rather a cargo 

effector than a C-terminal extension of a VgrG (size of the ACD of VgrG-1 is 53 kDa). 

Adjustments of the amino acid sequence in the form of positive and negative selection 

(chapter 5) might be necessary to fine-tune possible interferences between effectors to 

create a stable effector complex at the tip of the secretion system. I assume that effectors 

attach to the tip of the T6SS independently of each other, because no direct interaction 

between individual cargo effectors or cargo effectors and C-terminal extensions of VgrG 

proteins with enzymatic activities or PAAR domain proteins has been reported. 

The common use of these interfaces enables V. cholerae strains to incorporate a 

variety of effectors onto the same secretion apparatus. Theoretically, one secretion 

system could have as many as three VgrG-proteins with 3 C-terminal extensions, three 

cargo effectors and at least one PAAR domain effector. It remains to be elucidated if the 

T6SS of V. cholerae could evolve to carry that many effectors or if there is a limit to the 

number of effectors that can be translocated with one firing event. 

 

7.2 Genetic organization of T6SS gene clusters in V. cholerae  

Most of the T6SS proteins are encoded in genes on one of three T6SS gene 

clusters on the small and large V. cholerae chromosome. We described variable effector 

modules among otherwise conserved genes of the clusters (Unterweger et al., 2014). In 
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this chapter, I discuss the evolutionary origin of the T6SS gene cluster as a whole, the 

current diversity of effector modules, propose a model for the evolution of the auxiliary 

gene cluster 1, and discuss the genetic mechanisms putatively required to assemble such a 

T6SS gene cluster.    

 

7.2.1 A possible phage origin of the T6SS gene cluster 

V. cholerae strains analyzed so far all encode large and auxiliary clusters on the 

small and large chromosomes. Our alignments showed that genes encoding structural 

components are highly conserved (Unterweger et al., 2014). Structural proteins encoded 

by T6SS genes have homology to proteins of tailed bacteriophages, as indicated by the 

following examples. A bioinformatics approach revealed significant sequence homology 

between VgrG and gp27 and gp5 proteins of phage T4 (Pukatzki et al., 2007). 

Superimposition of the crystal structure of Hcp onto the crystal structure of gp27 tube 

proteins shows that the two proteins are very similar (Leiman et al., 2009). Shneider and 

colleagues identified genes in the T6SS gene clusters that encode proteins with a PAAR 

domain similar to the T4 bacteriophage protein gp5.4 (Shneider et al., 2013). Basler and 

colleagues compared the outer T6SS sheath proteins VipA and VipB with the T4 phage 

sheath protein gp18 and found conserved domains in phage sheath and T6SS sheath 

proteins (Kudryashev et al., 2015). These findings suggest a common evolutionary origin 

of the T6SS and phage components. In support of this idea, the GC content of the T6SS 

gene cluster in V. cholerae differs from the overall GC content of the whole genome 

suggesting that V. cholerae acquired the T6SS at some point in the past. It is also possible 

that the T6SS evolved by convergent evolution. 

Although multiple phage proteins and T6SS components share similarities, many 

of their proteins are different. An example of a protein unique to the T6SS is the Icm-

family protein TssM in the membrane anchoring complex that shares homology with a 

similar protein of type IV secretion systems (Bingle et al., 2008; Cascales, 2008). Unique 

to bacteriophages are the phage head or tail fibres (Veesler and Cambillau, 2011). Also, 

phages use integrases to insert their genome into the chromosome (Groth and Calos, 
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2004). Integrases have not yet been associated with T6SS genes that encode structural 

proteins of the secretion system apparatus. 

 

7.2.2 The T6SS harbors mobile effector modules  

Whereas the genes encoding structural and regulatory proteins of the T6SS are 

highly conserved among V. cholerae strains (Unterweger et al., 2014), the T6SS gene 

clusters of the V. cholerae strain N16961 contain multiple genes that differ or are missing 

in other strains (Figure 7-2; Appendix A Figure 9-2). The presence and absence of these 

genes in various T6SS gene clusters and the difference in their GC content compared to 

the surrounding genes of the T6SS gene cluster suggests that these genes are encoded on 

mobile elements. We call such mobile elements “effector modules” (Unterweger et al., 

2014) and they differ between V. cholerae strains, as explained below. 

The auxiliary cluster 1 differs between V. cholerae strains by the presence or 

absence of an actin crosslinking domain (ACD) in vgrG-1 and by effector modules that 

span three genes. The genes of this effector module encode the C-terminus of the adaptor 

protein Tap-1, an effector protein with antiprokaryotic activity, and an immunity protein 

(Figure 7-2). The auxiliary cluster 2 differs among strains by effector modules spanning 

four genes. Genes of this module encode a short C-terminal extension of VgrG-2, an 

adaptor protein, an effector protein, and an immunity protein (Figure 7-2). The large 

cluster differs by unique elements at its 3’ end which span two genes. These genes 

encode the C-terminal extension of VgrG-3 with effector activity and a cognate immunity 

protein. The large cluster also encodes 2 genes (VCA0105, VCA0106) at its very 5’ end; 

one of these genes encodes a PAAR domain protein and might be regulated separately 

from the remaining genes of the large cluster. Bernard and colleagues identified a 

putative &54 binding sequence downstream of VCA0106 and upstream of vipA (Bernard 

et al., 2011). Even though all analyzed strains contain the two genes VCA0105 and 

VCA0106 (Appendix A, Figure 9-3), they might be part of an element that is mobile and 

thus might be missing from some strains. Another PAAR domain protein is encoded in a 

six gene-long element outside the three T6SS gene clusters on the small chromosome. 

Other genes on this element encode the T6SS effector TseH, its immunity protein TsiH, a 
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putative integrase, an IS5 transposase, and a hypothetical protein (Appendix A, Figure 9-

4). This element is present in all analyzed pandemic strains but is found only occasionally 

in nonpandemic strains (Appendix A, Figure 9-2, 9-4, 9-5). Taken together, effector 

modules all encode at least the part of an effector protein with enzymatic activity and an 

immunity protein but differ in length and in the total number of genes they contain.  

 

Figure 7-2 Overview of T6SS effector modules in V. cholerae T6SS gene clusters. 
Graphical depiction of the T6SS gene cluster of the V. cholerae strain N16961. All genes 
or part of genes that are exchanged by other genes or completely missing in other strains 
are shown in colour. The gene labeled “int” encodes a putative integrase, the gene labeled 
“tra” encodes a putative transposase. 

 

TseH is an effector that contains a characteristic YDxxGRL(I/D) repeat motif that 

is common to a variety of Rhs proteins (Altindis et al., 2015; Hill, 1999). The genes 

encoding Rhs proteins were described in E. coli before the T6SS effector function of the 

proteins was known. Some rhs genes were found directly downstream of vgrG genes, 

unlike tseH in V. cholerae, which is not part of the three T6SS gene clusters but encoded 

in a separate effector module on the small chromosome (Figure 7-2). Repetitive gene 

duplication events were observed next to rhs genes in E. coli and flanking regions were 

subsequently identified as “rearrangement hot spots” (Lin et al., 1984). Experiments 

further examining recombination events next to rhs genes revealed that these events, 

which happen at a frequency of 10-4, depend on RecA, a protein required for homologous 

recombination, and can be stimulated by UV irradiation (Lin et al., 1984). 
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These findings on recombination events of rhs elements provide an indication for 

the acquisition and exchange of T6SS effector modules that is in some form likely 

common to all effector modules.   

 

7.2.3 Evolution of auxiliary cluster 1 by stepwise acquisition and loss of effector 

modules  

The high level of conservation within flanking regions of effector modules 

(chapter 4) indicates that the exchange of effector modules frequently takes place and is 

probably still ongoing. Here, I propose a model for the evolution of auxiliary cluster 1 as 

a result of the stepwise acquisition and exchange of effector modules (Figure 7-3). 

In this model, I hypothesize that the original form of auxiliary cluster 1 might 

have been similar to the one of strain 1587 which encodes only one effector module 

which contains a cargo effector with antiprokaryotic activity (Figure 7-3 a). The 

acquisition of the actin-crosslinking domain encoded at the 3’ end of vgrG-1 is likely the 

result of a gene duplication event from the toxin-encoding gene rtxA (Sheahan et al., 

2004). This acquisition could have affected the loading of the downstream encoded cargo 

effector onto the T6SS (Figure 7-3b). Subsequent positive selection for proper loading of 

the effector onto the secretion system might have adjusted the N-terminus of Tap-1 while 

retaining the conserved DUF4123 domain. The resulting auxiliary cluster 1 looks very 

similar to the one in strain AM-19226 (Figure 7-3c). The auxiliary cluster in strain V52 

(Figure 7-3e) differs in the effector module encoding the cargo effector and encodes an 

additional open-reading frame downstream. I hypothesize that this gene encodes an 

orphan immunity protein that protects against a yet to be identified effector (Appendix A, 

Figure 9-6). I propose that acquisition of the effector module resulted in an intermediate 

form of the cluster with two effector modules encoding cargo effectors (Figure 7-3d). 

Afterwards, the 5’ end of the adaptor protein-encoding gene and the effector-encoding 

gene of the original module might have been lost, whereas the immunity protein-

encoding gene was kept (Figure 7-3e). Sana Koskiniemi and colleagues proposed a 

similar model for gene duplication and subsequent recombination that results in the 
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formation of a new rhs effector module (Koskiniemi et al., 2014). Whether such a 

mechanism applies to auxiliary cluster 1 can be tested experimentally. 

 

 

Figure 7-3 Model for the evolution auf auxiliary cluster 1. 

Graphical depiction of auxiliary cluster 1 starting with vgrG-1 and the individual modules 
drawn to scale. Cosegregating genes are filled with the same colour. Conserved regions 
are coloured in grey. Examples of strain in which a similar auxiliary cluster 1 is found are 
indicated on the right (see text for details). 

 

In summary, I propose a model  in which auxiliary cluster 1 evolved as the result 

of gene duplication, positive selection, and recombination. These events increase the 

number of effectors and potentially the number of immunity proteins encoded in the 

cluster. Additionally, the kind of effectors encoded in the cluster have changed. In light 

of   the   benefits   an  individual  effector  confers  to  a  bacterium  (see section 7.1),  the 
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acquisition of the actin-crosslinking domain with antieukaryotic activity is an example of 

an event that increases the target spectrum of a bacterium to eukaryotic cells. 

The remodeling of the T6SS gene cluster by exchanging effector modules poses a 

risk of losing other parts of the gene cluster, as the following example indicates. Effector 

modules could be exchanged via homologous recombination at highly conserved sites 

that flank effector modules. In auxiliary cluster 1, such conserved sites can be found in 

vgrG-1, in the middle of tap-1, and downstream of the immunity protein-encoding gene. 

When recombination happens in vgrG-1 and at the 3’ end of the cluster, the gain of a new 

effector module could result in the loss of the actin-crosslinking domain (Figure 7-4, left 

panel). The recombination site in the middle of tap-1 resolves this issue by providing an 

internal recombination site by which effector modules can be acquired via homologous 

recombination without loss of the actin-crosslinking domain (Figure 7-4, right panel). In 

conclusion, recombination sites might be used to exchange effector modules via 

homologous recombination while maintaining the total number of effectors encoded in 

the gene cluster. 

 

 

Figure 7-4 Model for the gain and loss of the ACD during remodeling of the T6SS 
cluster. 

Graphical depiction of vgrG-1, tap-1, and effector and immunity protein-encoding genes 
in auxiliary cluster 1. Colour indicates differences between the nucleotide sequences, 
grey indicates highly conserved sequences. Crossed lines indicate sites of recombination 
between genomic DNA of the donor and the recipient. Two scenarios are described (left 
and right) that result in a different outcome for the recipient depending on the 
recombination site used. 
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7.2.4 Acquisition and distribution of effector modules requires multiple mechanisms 

The mechanisms by which effector modules are acquired and exchanged needs to 

be elucidated experimentally. Considering the different forms of effector modules, 

multiple different mechanisms might be involved in such a process. 

Exchange by homologous recombination is likely for effector modules encoding 

cargo effectors in auxiliary clusters 1 and 2, and the C-terminal extension of VgrG-3 in 

the large cluster. Chi sites with the sequence 5'-GCTGGTGG-3' stimulate recombination 

by the RecBCD pathway and might play a key role in initiating these recombination 

events at high frequency. Details of a mechanism that leads to the accumulation of 

putative orphan immunity protein-encoding genes still need to be revealed. The effector 

module containing tseH encodes a transposase that likely mediates acquisition and 

exchange of this module (Figure 7-2; Appendix A, Figure 9-4). Exchange of effector 

modules might be important for elements that contain a gene that encodes an effector 

required for the structural integrity of the T6SS secretion apparatus. Effector modules 

that contain a gene that encodes a protein that does not contribute to the structural 

integrity of the T6SS secretion apparatus might be acquired or lost rather than being 

exchanged. The original source(s) of the effector-encoding genes is unknown, also 

unknown are the mechanisms by which these genes were acquired, but gene acquisition is 

likely to have occurred by nonhomologous recombination.  

 

7.3 The T6SS of V. cholerae facilitates and benefits from horizontal gene transfer  

V. cholerae employs transformation, conjugation, and natural competence to 

acquire and exchange genomic information. Natural competence is induced during 

growth on chitin surfaces (Meibom et al., 2005) (Figure 7-5), which are abundant in the 

marine environment (Lipp et al., 2002). Chitin induces the expression of the competence 

regulator Tfox, which controls the expression of genes within a competence regulon of at 

least 19 genes (Metzger and Blokesch, 2014). Expression of the genes comEA and 

comEC is induced by the transcriptional regulator QstR which is activated by HapR and 

Tfox (Lo Scrudato and Blokesch, 2013). Natural competence allows V. cholerae to 

uptake foreign DNA, a multistep process. In the current model, a type IV pilus 
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translocates DNA across the outer membrane of the V. cholerae bacterium (Seitz and 

Blokesch, 2013). ComEA likely acts as a molecular ratchet and binds to the DNA that 

enters the periplasm (Seitz et al., 2014). The inner membrane protein ComEC transports 

single stranded DNA from the periplasm into the cytoplasm (Seitz and Blokesch, 2013). 

RecA mediates recombination between the newly acquired DNA and chromosomal DNA 

(Seitz and Blokesch, 2013).  

 

 

Figure 7-5 Chitin activates the T6SS and renders V. cholerae naturally competent. 

Graphical depiction of the effects of chitin on V. cholerae. V. cholerae cells grown on 
chitin form an active T6SS (left). When grown on chitin, V. cholerae becomes naturally 
competent (right). In a situation in which two incompatible V. cholerae strains are grown 
on chitin, T6SS-mediated killing increases the transformation frequency (middle). 

 

An extended analysis of genes regulated by Tfox revealed that natural 

competence and the T6SS are coregulated via the transcriptional regulator QstR (Figure 

7-5) (Borgeaud et al., 2015). Sandrine Burgeaud and colleagues episomally expressed 

tfox in strains with an inactive T6SS under laboratory conditions and detected up to 10-

fold increased expression levels of vipA, which encodes a protein of the outer T6SS 

sheath (Borgeaud et al., 2015). The authors observed extension and contraction events of 

the T6SS sheath when imaging V. cholerae with sfGFP-tagged vipA grown on chitin 

beads. Further experiments were performed to test if natural competence and the T6SS 

were not only genetically linked but if DNA-uptake occured upon T6SS-mediated killing 
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of an incompatible V. cholerae strain. Relocalization of ComEA, which occurs upon the 

uptake of foreign DNA during T6SS-mediated killing, was observed by live cell imaging 

to be in direct proximity to the dead bacterium. In a more quantitative approach, the 

authors determined the transformation frequency of a T6SS-active V. cholerae strain to 

be approximately 10-5, whereas strains with a dysfunctional T6SS showed a 10-fold 

lower frequency. In summary, growth on chitin induces natural competence and activates 

the T6SS, which can be used to increase the transformation frequency by killing 

incompatible bacteria in close proximity to the competent bacterium. 

In addition to the ability of the T6SS to promote the acquisition of foreign DNA, 

the T6SS has also been reported to restrict the uptake of new genetic information. Brian 

Ho and colleagues analyzed the transfer of the conjugative plasmid pPSV35 from E. coli 

into P. aeruginosa with a functional or dysfunctional T6SS and observed approximately 

5-fold fewer conjugants of P. aeruginosa with a functional T6SS. These findings indicate 

that T6SS-mediated killing interferes with conjugation. The T6SS of P. aeruginosa 

differs from the T6SS of V. cholerae in its ability to counterattack external stimuli in a 

directional manner (Basler et al., 2013). To what extent the V. cholerae T6SS interferes 

with conjugation remains to be tested. T6SS-mediated killing interferes with the ability of 

two bacteria to get in direct contact (MacIntyre et al., 2010), which is required for 

conjugation. I could thus imagine a scenario, in which intraspecific competition interferes 

with conjugation and therefore with the exchange of conjugative plasmids and self-

transmissible SXT elements (Waldor et al., 1996) between two incompatible V. cholerae 

strains. However, T6SS-mediated interference with conjugation in V. cholerae is limited 

to conditions that permit an active T6SS. We did not observe V. cholerae 

posttranslationally activating its T6SS in response to the initiation of a conjugation event, 

as P. aeruginosa does (N. Atanasova and S. Pukatzki, unpublished observation). The 

strain V52 with an active T6SS could thus be very efficient in preventing conjugation 

with incompatible bacteria. In contrast, strains like C6706 that require external stimuli to 

activate their T6SS might be less efficient. 
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Figure 7-6 Model of gene flow directed by V. cholerae T6SS compatibility. 

(A) Through V. cholerae killing of incompatible V. cholerae strains under conditions that 
induce natural competence, strains within one compatibility group gain new genomic 
elements like virulence factors and antibiotic resistance cassettes in the form of genomic 
DNA. (B) Bacteria of the same compatibility group that can exist in direct contact, 
distribute conjugative elements by conjugation. (C) Bacteria outside of the compatibility 
group of the strain with the strongest T6SS will not acquire conjugative elements or 
genomic DNA because they get killed when coming in direct contact with strains with a 
strong T6SS. 

  

Cooperation between competence and the T6SS can affect the flow of genetic 

information within the V. cholerae species (Figure 7-6). Compatibility groups would 

direct the flow based on effector and immunity proteins. This model for the acquisition 

and distribution of mobile elements like virulence factors and antibiotic resistances is 

based on three hypotheses. (1) T6SS-mediated killing of a wide range of bacterial species 

facilitates the acquisition of foreign genes by natural competence. As tested previously, 

naturally competent V. cholerae takes up DNA of different species (Suckow et al., 2011). 

(2) If the acquired genes are integrated into conjugative elements, they can be distributed 

within bacteria of the same compatibility group in a contact-dependent manner. (3) 

Attempts by bacteria of other compatibility groups to acquire conjugative elements or 

genomic DNA would fail because incompatible bacteria are killed when they get in direct 

contact with incompatible bacteria for conjugation and when attempting to initiate a 

T6SS-mediated attack. It is possible that these events result in the uptake of less desirable 
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DNA, which is probably not selected for and subsequently eliminated from the 

population.  

Figure 7-7 Horizontal gene transfer for the acquisition and distribution of T6SS effector 
modules. 
(A) Horizontal gene transfer can result in the acquisition (1) and the distribution (3) of an 
effector module. Independent of horizontal gene transfer, a module can be inherited by 
vertical gene transfer (2). (B) Survival or death upon the exchange of an effector module. 
If exchange results in the loss of an immunity protein, the event renders the bacterium 
sensitive to an attack from a neighbouring bacterium (i). If the original immunity protein 
is maintained, the bacterium survives such an attack (ii). When attacking and killing the 
former kin bacterium, the bacterium that took up the effector module might also survive 
with the newly acquired effector (iii). 

By encoding mobile gene elements in its own gene cluster, the T6SS can directly 

benefit from fostering horizontal gene transfer. This could be accomplished by acquiring 

an additional effector module (Figure 7-7 A, number 1) or by replacing a given effector 

module with a new module with advantageous features (Figure 7-7 A, number 3). In 

addition to horizontal gene transfer, T6SS effector modules might be inherited by vertical 

gene transfer as a result of cell division into daughter cells with genomes identical to that 
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of the parent cell (Figure 7-7 A, number 2). A bacterium that exchanges effector modules 

runs a risk of losing an immunity protein-encoding gene and therefore of losing its 

protection from a T6SS-mediated attack of a neighbouring cell (Figure 7-7 B, scenario i). 

Gaining a new effector and losing an old effector while maintaining the old immunity 

protein is thus an elegant way of acquiring T6SS effectors without getting killed (Figure 

7-7 B, scenario ii). The collection of small open reading frames at the 5’ end of auxiliary 

cluster 1 might be a remnant of immunity protein-encoding genes of such acquisition 

events (Appendix A, Figure 9-6). Alternatively, the gain of a new effector and loss of the 

original effector without the acquisition of an orphan immunity protein might be selected 

for if the new effector is superior to the effectors of the neighbouring bacteria and kills 

them all before the bacterium harboring the new effector is killed (Figure 7-7 B, scenario 

iii). I could imagine such a selection resulting in the acquisition of strong effectors that 

allow for intraspecific competition. 

It is unclear at this point where acquisition and exchange of effector modules take 

place. The fact that chitin, which induces the natural competence of V. cholerae (Meibom 

et al., 2005), is found in the environment supports the notion that effector module 

exchange and acquisition take place in the environment. Mucin, which is abundant in the 

human intestine, contains N-acetylglucosamine as chitin does, and remains to be tested 

for its ability to induce natural competence of V. cholerae in vivo during infection.  

The acquisition of a T6SS effector module or T6SS-independent elements or 

genomic DNA via horizontal gene transfer is the first step of a multistep process that 

contributes to bacterial evolution. As discussed in section 7.4, the acquisition of new 

DNA is followed by selection and multiplication events that work to maintain the DNA 

(Figure 7-8). Acquisition and selection can occur at the same locus or at different loci. 

Figure 7-7 B shows an example of acquisition of a T6SS effector module and its selection 

at the same locus on a chitin surface. Alternatively, a scenario can be imagined in which 

new DNA is acquired under conditions of natural competence in the environment and the 

new trait is selected for during subsequent infection of a host. The observation that 

pandemic strains contain the same T6SS effector modules might indicate that these 

modules were selected for during infection. From where and from what these modules 

were acquired is not yet known. 
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Figure 7-8 Model of bacterial evolution upon acquisition of new DNA. 
Graphical depiction of a bacterial population that diversifies by acquiring various pieces 
of DNA. In a situation of selective pressure, one piece of DNA confers an advantage to a 
bacterium compared to the bacteria that acquired different pieces of DNA. Subsequent 
multiplication of the advantaged bacterium establishes the new trait in the population. 
This population might enter the cycle again under conditions that induce the uptake of 
foreign DNA.  

 

Taken together, T6SS-mediated killing facilitates the uptake of genomic DNA by 

natural competence. Increased horizontal gene transfer might benefit the whole bacterium 

or only the T6SS, which could acquire new effector modules. 

 

7.4.1 The role of intraspecific competition in V. cholerae as a species 

We and others have noticed that bacterial strains that belong to the same 

compatibility group share common features and are closely related (Hill et al., 1995; 

Unterweger et al., 2014). I revisit this observation and discuss two scenarios, one in 

which the acquisition of T6SS effector modules drives the evolution of a species and 

another in which T6SS effector modules are acquired as a result of diversification. 

 

7.4.1 T6SS effectors and the structure of a species 

When comparing the phylogeny of V. cholerae strains, based on six house-

keeping genes as representatives of the core genome, to the T6SS effector modules they 
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encode, we made two observations (Unterweger et al., 2014). The V. cholera strains 

Amazonia and TM11079-80 belong to the same compatibility group. Their close 

relationship is indicated in the phylogenetic tree in which these strains are located in the 

same vertical line as their most recent common ancestor (MRCA) (Unterweger et al., 

2014). In the same phylogenetic tree, 12129(1) and LMA3984-4 are located at the end of 

separate horizontal lines that are derived from the same MRCA (Unterweger et al., 2014), 

indicating that the two strains are derived from the same MRCA but are now more 

distantly related. The strains 12129(1) and LMA3984-4 belong to different compatibility 

groups (Unterweger et al., 2014). An example of a group of strains that originated from 

the same common ancestor is the group of pandemic strains that belongs to the 

compatibility group AAA (Unterweger et al., 2014). 

Differences in T6SS effector module sets between strains of the same species 

have been described for multiple species. Examples for species other than V. cholerae are 

Serratia marcescens (Murdoch et al., 2011) (hospital-acquired infections), Pseudomonas 

aeruginosa (Jiang et al., 2014) (pulmonary infections), and Proteus mirabilis (Gibbs et 

al., 2008) (kidney stones). Bioinformatics analyses by Harrison and colleagues suggests 

intraspecific differences of the T6SS among Campylobacteri jejuni isolates (Harrison et 

al., 2014). Hill and colleagues compared the phylogeny of E. coli strains to the rhs loci 

before it was known that they encode T6SS effectors (Hill et al., 1995). This analysis 

revealed a correlation between clonal groups of the species and the rhs elements they 

encode.  

I speculate that the link between T6SS effector modules and the phylogeny of a 

species is the result of diversification and selection events in which T6SS-mediated 

killing might play a role in some cases but does not need to always play a major role (see 

section 7.4.2 for more specific scenarios).  
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Figure 7-9 Model of diversification of a species as a result of ecological and genetic 
separation. 

(1, 2) Diversification by acquisition of effector modules (indicated by colour change of 
the bacteria) results in the ability to colonize different ecological niches. (3) Separate 
acquisition of mutations and other genetic elements in the core genome results in genetic 
separation. 
 

7.4.2 T6SS effector modules as the driver of species diversification 

T6SS-mediated diversification and selection events could lead to the ecological 

separation of bacteria within a species (Figure 7-9). Bacteria likely face different 

competitors unique for the niche they colonize. The T6SS might be a tool for bacteria to 

combat prokaryotic and eukaryotic competitors in the respective niche. Individual T6SS 

effectors differ in their target range and the condition in which they are toxic. 

Subsequently, niches with the same competitors could select for bacterial strains with the 

same T6SS effector modules. This form of selection could result in genetically different 

strains that share the same T6SS effector module set. Strains that colonize different 

niches are likely to encounter different competitors and are expected to differ in their 

T6SS  effector  modules.  Ecological  separation  resulting  in  genetic   separation   could  
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explain the observation that two distantly related strains derived from the same common 

ancestor differ in their T6SS effector module (Unterweger et al., 2014). Strains that 

colonize separate niches could acquire mutations and take up additional mobile elements 

independent from each other. Subsequent phylogenetic analysis of the core genome 

would locate strains in separate clades on individual branches of a tree. 

 

7.4.3 T6SS effector module acquisition as the result of diversification 

Alternatively, V. cholerae strains could also differentiate independent of the T6SS 

and colonize a variety of ecological niches. As a result of the new environment in the 

new niche, they might take up niche-specific T6SS effector modules (Figure 7-10). These 

events would also lead to a correlation between the phylogeny of strains and the T6SS 

effector module set they harbor. 

 

Figure 7-10 Acquisition of an effector module upon colonization of a niche. 

(A) Vibrio cholerae colonizes a new niche colonized by other bacteria. (B) Bacteria 
colonize and, as a result of genetic exchange with local bacterial communities, acquire 
effector modules from the local V. cholerae population. (C) Bacteria in one niche share 
the same effector module.  

 

An example of the influence of the local environment on the gene flow of 

integrons, which are also mobile elements, is provided in a study on V. cholerae in the 

USA and Bagladesh (Boucher et al., 2011). Yan Boucher and colleagues compared V. 

cholerae strains from Cape Cod (USA) with other Vibrio species isolated from the lagoon 

on the Cape and V. cholerae strains isolated in Bangladesh. The core genome of V. 

cholerae isolates from Cape Cod turned out to be closer related to V. cholerae strains 

from Bangladesh than to Vibrio metoecus (Kirchberger et al., 2014) from Cape Cod. In 
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contrast, the integrons of V. cholerae from Cape Cod were more similar to V. metecus 

isolated from the Cape Cod than to V. cholerae from Bangladesh. Integrons consist of an 

integrase and an attI site (Hall and Collis, 1995). The integrase inserts genes flanked by 

an attC site by mediating site-specific recombination between the attC and the attI site. 

Multiple genes, called cassettes, can be integrated into integrons. A promoter downstream 

of the integrase-encoding gene drives expression of the cassettes. A superintegron is 

found on the chromosome of V. cholerae that contains over 100 cassettes (Mazel et al., 

1998). Most of the proteins encoded in the superintegron remain to be characterized in 

regard to their function. Some of the proteins encoded in the superintegron confer 

antibiotic resistances (Rowe-Magnus and Mazel, 1999). This study by Yan Boucher and 

colleagues suggests that the exchange of mobile elements across species borders occurs 

frequently (Boucher et al., 2011). The T6SS effector modules in this sample set remain to 

be analyzed. 

 

7.4.4 The T6SS and the evolution of V. cholerae as a pathogen 

Species like V. cholerae in which only a subset of strains is pathogenic raises the 

question of how the T6SS contributes to the evolution of pathogenic and pandemic V. 

cholerae. The T6SS itself is found in all strains sequenced to date independent of their 

source of isolation. The effector set common to all pandemic strains might have been 

acquired following the above described principle of diversification and selection. The 

human host provides a unique niche with different competitors and selection pressures 

than the environment. The observation that already a 2nd pandemic strain (isolated in 

1849) belonged to the AAA compatibility group indicates an acquisition of the AAA 

effector module set during the evolution of pandemic strains before 1849. Since this 

acquisition event, the effector module set is likely inherited because this set is found in all 

pandemic strains irrespective of date or place of isolation. The conservation of the 

effector module set over at least 150 years might indicate that it is selected for and that 

acquisition of other effector modules might have conferred a selective disadvantage. The 

observation that individual effector modules of the pandemic strains are also found in 

distantly related, environmental isolates indicates that clinical and environmental strains 
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and environmental strains engage in genetic exchange (Figure 7-11). For example, the 

environmental isolate of the non-O1/non-O139 serogroup strain VL426 encodes the same 

effector module in the large cluster as the pandemic strains (Unterweger et al., 2014). If 

the exchange of an effector module requires direct contact between donor and recipient, 

and if the environmental isolate of the nonO1/O139 serogroup strain VL426 acquired its 

effector module in the large cluster directly from a pandemic strain, the pandemic strain 

and the environmental strain must have gotten in contact somewhere and exchanged the 

effector module (Figure 7-11).  The life cycle of pandemic V. cholerae that involves the 

environment as a reservoir would support this model of a niche overlap, the possibility of 

exchange of genomic DNA, and also the colonization of different niches. 

 

 

Figure 7-11 Model of the exchange of effector modules between V. cholerae strains. 
Graphical depiction of the life cycle of pandemic and environmental V. cholerae. Overlap 
of the two life cycles is indicated, that could explain the exchange of effector modules 
between pandemic and environmental V. cholerae strains. 
 

7.5 The role of the T6SS and intraspecific competition of V. cholerae as a 

pathogen 

Intestinal pathogens face multiple challenges when colonizing the small intestine 

including the immune system, members of the microbiota, and other bacteria of the same 



186 
 

species. Here, I describe putative roles of the T6SS in allowing V. cholerae to overcome 

these challenges and establish a successful infection. 

 

7.5.1 The T6SS and its interactions with the immune system 

One role of the T6SS might be to counteract the immune response of the human 

body during infection. The immune system presents a burden to infection by intestinal 

pathogens. Macrophages are part of the innate immune response and among the first cells 

to respond to foreign antigens. One of the T6SS effectors is VgrG-1 with a C-terminal 

extension that causes actin-crosslinking of murine macrophages (Pukatzki et al., 2007). 

The presence of this effector in all pandemic strains but not in all nonpandemic strains 

suggests that pandemic strains with an ACD are selected for (see chapter 5). Amy Ma 

incubated infant mice for 16–18 h with high titres of wild-type V. cholerae or a mutant 

lacking the ACD and recovered 1,000-fold less CFUs of the ACD-deficient mutant than 

wild-type (Ma and Mekalanos, 2010). When inoculating the mice with the same titre only 

for 2 hours, no difference in the recovered CFUs could be determined. These findings 

indicate that the ACD-deficient mutant does not have a colonization defect per se but 

rather lacks the ability to maintain colonization at high titres. These results were further 

supported in an experiment in which V52!ACD was administered to mice that were 

precolonized with wild-type V52 or V52!ACD (Ma and Mekalanos, 2010). 1,000-fold 

more V52!ACD was recovered from mice precolonized with V52 compared to the mice 

precolonized with V52!ACD (Ma and Mekalanos, 2010). These data indicate that 

V52!ACD does not have a colonization defect per se but that a proportion of the 

bacterial population needs the ACD – possibly to protect the whole population from 

being diminished by the immune system. Other parts of the study also revealed a 

proinflammatory effect of the ACD as determined by neutrophil infiltration in the gut and 

fluid accumulation. I speculate that this is one of the reasons why pandemic V. cholerae 

strains tightly regulate their T6SS and use external cues like mucin and bile acids to 

activate and deactivate the T6SS in response to their location and time during infection. 

These experiments illustrate that the T6SS harbors an antieukaryotic effector that is 

immunogenic itself but is also required to maintain colonization. 
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A homologous region to the ACD in VgrG-1, which mediates antieukaryotic 

activity, is found in the enterotoxin A (rtxA) encoded in a gene adjacent to ctx on the 

large chromosome of V. cholerae. Both domains were shown to crosslink actin in 

eukaryotic cells (Sheahan et al., 2004). It will be interesting to further determine the 

advantage of encoding this domain in a T6SS effector versus the advantage of a toxin that 

is secreted by the type I secretion system (Boardman and Satchell, 2004). One advantage 

might be that the T6SS directly translocates the effector into the target cell whereas the 

type I secretion system secretes an effector into the extracellular space only. 

 

7.5.2 The T6SS as a tool to fight off the microbiota 

Another function of the T6SS might be to counteract colonization resistance 

mediated by an intact microbiota. Bacteria of the microbiota are known to interfere with 

the infection of intestinal pathogens by interference with their quorum sensing (Duan and 

March, 2010; Hsiao et al., 2014), competition for nutrients (Kamada et al., 2012), and 

antibacterial activity (Russell et al., 2014b). 

Another limiting factor for V. cholerae infection might be the limited access to 

nutrients (Vogt et al., 2015). An experiment with two intestinal pathogens other than V. 

cholerae gives us an idea of how competition for nutrients can affect infection of the 

intestine. Kamada and colleagues colonized germ-free mice with C. rodentium, which 

solely depends on monosaccharides, and B. thetaitomicron, which can metabolize 

monosaccharides and polysaccharides (Kamada et al., 2012). When the mice were fed a 

conventional diet of mono- and polysaccharides, over 1011 CFUs of C. rodentium were 

recovered per gram of feces. Only about 109 CFUs of C. rodentium were recovered when 

the mice were fed monosaccharides that both species compete for. These results indicate 

that dependence on the same nutrient source can be a limiting factor during colonization 

and multiplication in the gut. To test if V. cholerae outcompetes Gram-negative bacteria 

of the microbiota during infection in a T6SS-dependent manner, I suggest two 

experiments. (1) Gram-negative members of the microbiota could be systematically 

tested for their sensitivity to T6SS-mediated killing in vitro. (2) An alternative 

experimental approach would be to analyse human microbiota in germ-free mice upon 
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colonization with either wild-type V. cholerae or a T6SS-deficient mutant by deep 

sequencing.  

Another hurdle for bacterial pathogens to overcome are antibacterial mechanisms 

the microbiota employs to actively fight invaders. Bioinformatics analyses of the 

genomes of human microbiota revealed widespread biosynthetic gene clusters that 

potentially produce antibiotic compounds (Donia et al., 2014). The T6SS itself also has 

been found among species of the gut microbiota, for example, in Bacteroides fragilis. 

Russell and colleagues detected expression of the T6SS gene tssC in samples from the 

cecum of germ-free mice monocolonized with B. fragilis (Russell et al., 2014b). Growth 

competition experiments performed in vitro revealed significantly fewer B. 

thetaitomicron, a Gram-negative member of the microbiota, in the presence of B. fragilis 

with a functional T6SS than in the presence of B. fragilis with a dysfunctional T6SS, 

indicating that B. fragilis has a T6SS with antiprokaryotic properties. This observation is 

also of interest to our understanding of the V. cholerae T6SS during infection. Recent 

findings indicate that the products of bile acid metabolism by commensal bacteria like B. 

thetaitomicron downregulate T6SS activity of V. cholerae (V. Bachman, B. Kostiuk, and 

S. Pukatzki, unpublished observation). How V. cholerae responds to a T6SS-mediated 

attack of bacteria of the microbiota like B. fragilis needs to be further investigated. I 

suggest that killing assays be performed between T6SS-active species of the microbiota 

and V. cholerae in an anaerobic environment to test if V. cholerae is able to resist these 

attacks and is able to outcompete the attacking bacteria.  

In summary, these examples show that the microbiota provide multiple hurdles 

for V. cholerae to overcome in order to colonize and multiply in the intestine. The ability 

to kill certain members of the microbiota via effectors of the AAA compatibility group 

might provide a benefit during colonization and multiplication. To specifically test the 

role of the AAA effector set, the ability of wild-type C6706 and C6706 in which the 

AAA effector set is replaced by a different effector set, to colonize infant mice could be 

compared in single infection and competition experiments. 
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7.5.3 T6SS-mediated intraspecific competition to select for toxin-producing strains 

The T6SS might also have a function as a mechanism for intraspecific 

competition between V. cholerae strains. The T6SS might be used by virulence factor-

producing strains to kill V. cholerae strains that do not produce virulence factors (Figure 

7-12). The main virulence factor of V. cholerae is cholera toxin. Cholera toxin induces 

water efflux from intestinal epithelial cells. Although this water efflux causes dehydration 

of the patient, it can be beneficial to intestinal pathogens that can use the water efflux to 

get back in the environment. Among strains of the species V. cholerae that coexist in the 

environment, only a subgroup of strains contains the cholera toxin-encoding genes. Early 

in an outbreak, before clonal expansion of the virulent strain, humans likely take up a 

mixed inoculum of toxigenic and nontoxigenic strains V. cholerae. That is, V. cholerae 

strains that produce and that do not produce cholera toxin. Whereas all of the strains 

would use up nutrients and resources, only some would take the burden of contributing to 

escape the host again by producing cholera toxin. However, there might be a threshold 

for the level of cholera toxin that must be produced to induce water efflux. T6SS-

mediated intraspecific competition might be a mechanism for cholera-toxin producing 

strains to kill nonproducing strains and use the required nutrients to multiply sufficiently 

to reach a level of cholera toxin production that induces water efflux. Isolates of multiple 

clonal complexes were prepared from the environment and the stool of cholera patients 

during local outbreaks in Bangladesh (Rashed et al., 2014; Stine et al., 2008). When 

genotyping the individual isolates based on variable-length tandem repeats at 5 loci 

(VC0147, VC0437, VC1650, VCA0171, and VCA0283), the isolates could be grouped 

into clonal complexes (Rashed et al., 2014). Ten isolates from six patients were further 

analyzed (Rashed et al., 2014). In one patient, all 10 isolates belonged to the same 

genotype. Another patient had isolates from two unrelated genotypes. The isolates of the 

remaining eight patients belonged to various genotypes that were all related (Rashed et 

al., 2014). The isolates remain to be tested for their compatibility group membership.  

Whereas T6SS-mediated intraspecific competition of V. cholerae in vivo still 

needs to be tested, a study from the Mekalanos group indicated that T6SS-mediated 

competition takes place in vivo between two bacteria of the same strain (Fu et al., 2013). 

When inoculating an infant rabbit with wild-type C6706 and C6706!vipA!tsiV3, which 
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lacks the cognate immunity protein to VgrG-3 and a functional T6SS to not get killed by 

an isogenic sister cell, Fu and colleagues recovered 10-fold less CFUs of the immunity 

mutant than of wild-type from the intestine after an 18 hour-long incubation (Fu et al., 

2013). These observations are further supported by similar results from infant mice 

(Figure 9-10) and provide a proof of principle that T6SS-mediated killing occurs in vivo.  

 

Figure 7-12 Model of the role of intraspecific competition to reach the threshold of 
cholera toxin production. 
Graphical depiction of a niche in the intestine that provides limited resources of nutrients 
and space. This niche is either colonized by a mix of cholera-toxin producing and 
nonproducing bacteria (left) or by cholera-toxin producing bacteria only because the 
nonproducing bacteria got killed in a T6SS-dependent manner. At the bottom, a 
hypothetical graph of the total amount of cholera toxin produced in the individual 
scenarios is shown. 
 

The observation that all analyzed pandemic strains belong to the AAA 

compatibility group whereas most of the nonpandemic strains do not supports our model 

of the T6SS as a mechanism to select for toxin-producing strains. Strains like M66-2 that 

belong to the AAA compatibility group but do not encode cholera toxin can be 

considered as cheaters that do not contribute to the cost of producing cholera toxin but 
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are able to coexist with and benefit from cholera-toxin producing strains during infection 

(Unterweger et al., 2014).  

Classical biotype strains lack the ability to engage in T6SS-mediated killing 

(chapter 6). The ability of classical biotype strains to produce higher levels of cholera 

toxin than El Tor biotype strains (Kaper et al., 1995) might explain how classical strains 

could successfully cause pandemics without making use of the T6SS. If in a mixed 

inoculum with nontoxigenic strains, the classical biotype strains might produce cholera 

toxin above the threshold to induce watery diarrhoea without the need to kill 

nontoxigenic strains.  

Taken together, T6SS-mediated intraspecific competition might be a mechanism 

for the selection of toxin-producing strains within a mixed inoculum of V. cholerae 

strains (Figure 7-12). 

 

7.5.4 T6SS and its potential role in clonal populations during infection 

Recent advances in characterizing the first steps of intestinal colonization further 

exemplify the potential role of the T6SS in V. cholerae (Abel et al., 2015). 

Abel and colleagues inoculated an infant rabbit with a barcoded population of V. 

cholerae and compared the total population size to the number of barcodes within the 

population at 13 sites of the intestine. Even though the population size was very similar 

20 h post infection, the size of the founding population differed between locations of the 

intestine (Abel et al., 2015). Further studies showed that the size of founding populations 

varies at individual sites over the time course of infection. These findings suggest that 

colonization of the intestine is a dynamic process marked by clonal expansion of bacteria 

that are exposed to varying bottlenecks in dependency on the site of colonization and 

time-point during infection.  

Another recent study focused on the initial colonization of the intestine by V. 

cholerae. Y. Millet and colleagues inoculated infant mice with an equal ratio of green and 

red fluorescently labeled V. cholerae bacteria (Millet et al., 2014). Imaging of the 

intestine showed either red or green microcolonies of bacteria in the crypts and at the 

base of villi in the small intestine. These results suggest that individual V. cholerae cells 
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colonize the small intestine and subsequently develop clonal microcolonies. The number 

of microcolonies then likely constitutes the founding population observed in the analysis 

described above. 

If surrounded by bacteria of other species or the same species, the T6SS might 

provide a mechanism for bacteria to differentiate self from nonself based on the 

compatibility group they belong to.    

 

7.6 The concept of compatibility groups 

We have started to develop a concept that subdivides V. cholerae strains into 

compatibility groups based on their ability to coexist or outcompete each other. This is 

the draft of a concept that has to be further developed, considering T6SS-independent 

killing between strains (Unterweger et al., 2012), potential orphan immunity proteins, 

additional effectors that will be identified in the future, and potentially differential 

expression of T6SS effectors. We can already see that this concept has implications for 

our classification of bacteria and the potential for applications as biomarker and a novel 

therapeutic strategy. 

Compatibility groups provide the basis to further investigate the role of T6SS-

mediated killing on the biology of the species. We already have indications that T6SS 

effector module sets might impact the phylogenetic structure of a bacterial species. For 

the analysis of a bacterial species, it might be increasingly important to consider the 

ability of strains to coexist in direct contact with each other and to compete with other 

bacteria. 

T6SS effector modules could serve as biomarkers. Because of the correlation 

between the virulence potential of a strain and the compatibility group it belongs to, a 

killing assay to test for coexistence with an AAA strain might be a simple test that does 

not require electricity and could be used to monitor V. cholerae in the environment to 

prevent outbreaks, for water management during outbreaks, and for diagnostics of 

clinical samples. A similar concept, called bacteriocin typing, has been previously 

proposed (Israil et al., 1983). The advances in genome sequencing and the increased 
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awareness of the importance of bacteria-bacteria interactions for a bacterial species might 

help to promote the concept of T6SS effector modules as biomarkers.  

Compatibility groups could also be used as the basis for two separate therapeutic 

approaches. Pandemic strains of the AAA compatibility group could specifically be 

targeted without affecting other strains of the species. One strategy could be to let 

pandemic V. cholerae bacteria kill each other; normally they do not do so because they 

belong to the same compatibility group (Laura Diaz-Satizabal and Stefan Pukatzki, 

unpublished). Killing of compatible bacteria could be achieved by interfering with 

immunity proteins that protect from a T6SS-mediated attack of bacteria of the same 

compatibility group. The introduction of cheaters could be another strategy. These 

cheaters would be in the same compatibility group as pandemic strains without harboring 

the virulence factors. Cheaters like the vaccine strain Peru-15 would use the resources of 

pandemic strains during infection and might not allow pandemic strains to grow to high 

enough densities to reach the threshold of cholera toxin production to cause diarrhoea.  

The ability of the T6SS to load a variety of effectors could also be used to 

engineer strains with a particular effector set that can be used as weapons against 

pathogens. I could imagine a scenario in which a bacterial species of the microbiota is 

equipped with a T6SS to which pathogens are sensitive to. In summary, the concept of 

compatibility groups forms the basis of a variety of potential applications. The relevance 

of intraspecific competition for V. cholerae has to be further investigated to differentiate 

between the importance of a variety of effectors to kill bacterial competitors of other 

species and the use of these diverse effectors to kill other V. cholerae strains. 

 

7.7 Overall summary of conclusions 

Our findings on T6SS-mediated intraspecific competition of V. cholerae 

contributes to a better understanding of the T6SS. The discovery of a variety of effectors 

in V. cholerae strains exemplifies the diversity of T6SS effector proteins and their 

enzymatic activities. VgrG proteins play a key role in translocating effectors outside the 

bacterium. Some effectors depend on adaptor proteins like Tap-1 to be loaded onto the 

secretion system.  
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Comparison of T6SS gene clusters of multiple V. cholerae strains revealed some 

genes to be conserved whereas others to be highly variable. Genes encoding structural 

and regulatory proteins are conserved whereas genes encoding effector and immunity 

proteins are part of effector modules that are likely to be exchanged between V. cholerae 

strains by horizontal gene transfer.  

The observation of closely related strains with the same T6SS effector module set 

and distantly related strains with different effector module sets suggests a putative role of 

the T6SS during the diversification of the species. All analyzed pandemic V. cholerae 

strains belong to the same compatibility group characterized by the same set of effector 

modules and the ability to coexist among each other in direct contact.  

Although likely not required for strains to cause past pandemics, the T6SS might 

play multiple roles for strains of the current 7th pandemic to mediate interactions with the 

immune system, with bacteria of the microbiota, and with other strains of the same 

species. Intraspecific competition might be a tool for pandemic strains to outcompete 

nonpandemic strains that do not contribute to the cost of producing virulence factors and 

take up limited resources like space and nutrients. The characteristic T6SS effectors of 

pandemic strains might also be beneficial to outcompete bacterial species abundant in the 

human microbiota and rarely encountered in the environment.   

These findings contribute to our basic understanding of the bacterium Vibrio 

cholerae and the type VI secretion system and have the potential to be developed into 

multiple applications for the benefit of human health. 
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8 Materials and Methods 

 

Strains and culture conditions 
Bacteria were grown in liquid culture in Luria-Bertani broth (Maniatis, 1987) (1% 

Tryptone, 0.5% Yeast extract, 0.5% NaCl) on the roller drum (full speed) at 37ºC. 

Alternatively, bacteria were grown on LB agar plates (LB broth, 1.5% agar). If necessary, 

liquid broth or LB plates were supplemented with the following antibiotics at the 

indicated concentrations: Streptomycin (100'g/ml), Rifampicin (50'g/ml), Kanamycin 

(50'g/ml), Ampicillin (100'g/ml). Antibiotic stock solutions were dissolved in ddH2O or 

DMSO (for Rifampicin). 

Bacteria were stored in cryovials in 20% glycerol at -80 ºC. A complete strain list 

is provided at the end of this chapter. 

Dictyostelium discoideum AX3 cells were maintained in liquid culture in HL5 

media (per liter: 10g glucose, 5g yeast extract, 5g proteose peptone, 5g thiotone peptone, 

0.67g Na2HPO4, 0.34g KH2PO4 ) with shaking at 22ºC. The culture was derived from the 

Dicty stock centre (Chicago, IL; http://dictybase.org/StockCenter/StockCenter.html). 

 

Primer design 

The nucleotide sequence of the template was derived from NCBI 

(http://www.ncbi.nlm.nih.gov/). Primers were designed manually to ideally end at the 3’ 

end with repetitive Gs or Cs and to melt at a temperature of at least 60ºC. The webtool 

OligoAnalyzer (https://www.idtdna.com/calc/analyzer) was used to determine the 

melting temperature and to test for the likelihood of primer-dimers. Primers ideally form 

homodimers with a delta G value of less than 10% of their maximal delta G. If required, 

restriction sites were added to the 5’ end of primers. Because I used blunt end ligation 

following the initial amplification, no additional nucleotides were added at the 5’end. If 

required, FLAG (GAC TAC AAG GAC GAC GAT GAC AAG)- or HIS (CAT CAT 

CAC CAT CAC CAC)-tags were added. If long primers with additional sequence non-

homologous to the template were created, they were created in a way that at least half of 

the primer was binding to the original template. Primers were ordered from the company 
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Integrated DNA Technologies (IDT; Coralville, IA, USA) or Eurofins MWG Operon 

(Huntsville, AL, USA). 

 

Polymerase chain reaction (PCR) 
PCR reactions of 25'l or 50'l were prepared. The smaller volume was prepared 

for reactions in which PCR was used to control for the presence of an insert, for example. 

The larger reaction volume was used for reactions in which the amplified DNA was used 

for subsequent cloning steps. Reactions were mixed in dependency on the polymerase 

used. TopTaq polymerase (Qiagen, Toronto, ON, Canada) without proofreading activity 

was used for PCR reactions in which the product was not used for subsequent cloning 

whereas phusion polymerase (ThermoScientific, Waltham, MA, USA) was used for 

reactions in which the product was used for subsequent cloning. For amplifications from 

plasmids, 1'l of purified plasmid was used. For amplifications from genomic DNA, 3.5'l 

of a 1/10 dilution of overnight culture in ddH2O was used. Polymerase, template, primers, 

dNTPs and buffers were used as recommended by the vendors of the polymerases. 34 

amplification cycles were run in the thermo cycler. The extension time was adjusted to 

the polymerase used. A melting temperature of 60ºC was chosen. 

 

Agarose gel electrophoresis 
To separate the amplified PCR fragments by length, I performed agarose gel 

electrophoresis. 1% agarose gels were prepared and Red Safe (1/20,000; iNtRON 

Biotechnology, Korea) added to later visualize the DNA of the gel. If still required, 

loading dye was added to the PCR products and the whole solution was loaded onto the 

agarose gel. Gels were run for 35min at 120V. A geldoc system (Cell Biosciences) was 

used to visualize the DNA bands on the gel and take pictures. 

 

Gel extraction 
To gel extract PCR fragments of an indicated size, I used a gel extraction kit 

(ThermoScientific, Waltham, MA, USA). The piece of agarose gel containing the band of 

interest was dissolved in 700'l resuspension solution and loaded onto the columns to 

concentrate the DNA on the filter. After 1 washing step with 700'l wash buffer, DNA 
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was eluted with 30'l of preheated ddH2O. Yields were determined using the NanoDrop 

(ThermoScientific, Waltham, MA, USA). Individual steps were performed as suggested 

by the vendor. 

 

Blunt-end ligation into pJet 
I usually cloned PCR products directly into the plasmid pJet using the pJet easy 

cloning kit (ThermoScientific, Waltham, MA, USA). Purified PCR-template was used as 

a template and dNTPs, ligase and blunt-end digested pJet was added. The reaction was 

incubated at room temperature for 30min and afterwards transformed into 

electrocompetent E. coli TOP10 cells (see detailed description electroporation). 

 

Preparation of electrocompetent cells 
Slightly differing protocols were used to make small or large batches of 

electrocompetent cells. For small batches (Gonzales et al., 2013), a needle pin size loop 

full of bacteria from an overnight culture of bacteria was resuspended in cold ddH2O for 

E. coli (or cold 2mM CaCl2 for V. cholerae) and washed two times using a pre-cooled 

centrifuge. Afterwards, the cells were resuspended in 40'l of ddH2O (or 2mM CaCl2) and 

directly used for electroporation. 

 

Transformations via electroporation 
For electroporation, I usually added 3'l (range from 1-7'l) from the ligation 

reaction or purified plasmid to the competent cells. The mixture was added onto cuvettes 

(2mm wide) and electroporated at 2.5V and 200 Ohms. Afterwards, the cell suspension 

was resuspended in 1ml of LB and incubated for 1 hour at 37ºC on the roller drum before 

plating out 100'l and all remaining cells onto LB agar plates supplemented with the 

required antibiotic to select for transformants. 

 

Plasmid purification 
Plasmids were purified from bacterial cultures using the miniprep kit from 

ThermoScientific (Waltham, MA, USA) or FroogaBio (Toronto, ON, Canada). 3-5ml of 

bacterial culture were resuspended in resuspension buffer. Lysis buffer and neutralization 
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buffer were added, followed by a centrifugation step. Supernatant was loaded onto a 

column, washed with washing buffer and eluted with 30'l of ddH2O. I followed the 

instructions of the vendor. 

 
Restriction digest 

I used fast digest restriction enzymes (Life Technologies; now ThermoFisher 

Scientific, Waltham, MA, USA) to extract inserts flanked by restriction sites from 

plasmids. Reactions of 1'g were set up for digests to control for the presence of an insert, 

3'g of DNA were digested if the insert was used for a following ligation. In the example 

of the digest of 1'g DNA, the respective amount of plasmid was mixed with 1'l of 

restriction enzyme each, 2'l of FD buffer and filled up to a final volume of 20'l with 

ddH2O. The reaction was incubated at 37ºC for 30min. If a vector was digested prior to 

ligation, intestinal calf phosphatase (Invitrogen; now ThermoFisher Scientific, Waltham, 

MA, USA) was added to the reaction and incubated for 5min at 37ºC following the 

ligation. Agarose gel electrophoresis and subsequent gel extraction was used to get 

purified insert.  

 

Sitcky end ligation 
To ligate inserts into the vector pBAD24, vector and insert were digested (for 

details see restriction digest). The products were ligated using the T4 ligase (Thermo 

Scientific, Waltham, MA, USA) according to the vendor’s instructions. Vector and insert 

were mixed at a molar ratio of 1:3 to a final total volume of 100ng. The reaction was 

incubated at room-temperature for one hour, followed by electroporation into E. coli 

TOP10 except for ligations into the suicide plasmid pWM91 that were transformed into 

E. coli DH5alpha lambda pir. 

 
Cloning of genes into vetctors of the pBAD series  

I amplified genes by PCR with primers flanked with single cutter restriction sites 

that cut in the multiple cloning site of the pBAD vector and not within the insert. For 

some vectors of the pBAD series, additional sequence was added to provide the Kozak 

sequence. The genes were cloned into pJet, their presence validated by restriction digest 
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and then ligated into the pBAD vector and transformed into E. coli TOP10. The presence 

of the insert was validated by restriction digest. If necessary, the plasmid was purified 

and transformed into the respective V. cholerae strain of interest. 

 

Cloning of constructs for the BACTH assay 

To test the direct interaction between T6SS proteins (see BACTH assay for 

detailed description), genes were cloned into the plasmids pKET25, pUT18 and pUT18-C 

kindly provided by the Raivio lab. Procedures described above were used. The genes 

were cloned with or without start or stop codons to allow translational fusions of the gene 

to the coding sequence of the T25 or T18 fragment. The multiple cloning sites of the 

respective vectors were used. 

 
Cloning of constructs for gene knock-out and knock-in 

To knock-in or knock-out genes by allelic replacement (Metcalf et al., 1996), a 

construct was created that contains overlapping regions for recombination and either a 

scar that does not contain the gene of interest any more or contains additional sequence 

for a knock-in. The designated construct was cloned and ligated into pWM91. Restriction 

sites were chosen that do not cut within the knock-out construct. 

To generate the construct, 6 primers A-F were designed. Forward primer A binds 

approximately 800bp upstream of the gene of interest and contains a restriction site. 

Reverse primer D binds approximately 800bp downstream of the gene of interest and 

contains a different restriction site. To generate a scar to delete the gene of interest, 

primer C consists of a sequence complimentary to the 4 nucleotides upstream the gene of 

interest, followed by the first 15 nucleotides at the 5’ and the last 15 nucleotides at the 3’ 

end of the gene of interest, and ends with the 4 nucleotides downstream of the gene of 

interest. Primer B is a reverse complement of primer C. Primers E and F are used to 

screen for successful knock-outs. The forward primer E binds upstream of primer A, the 

reverse primer F binds downstream of primer D. 

The 4 primers A-D were used for a two-step PCR reaction for which the strain of 

interest is used as template to generate the construct for interest. In the first step, two 

separate reactions with primers A, B and C, D were performed. In a second step the 
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products of the PCR reactions of step 1 were used as a template for a reaction with 

primers A and D. The resulting construct was ligated into pWM91. Subsequently, this 

vector was transformed into E. coli SM10(pir. 

 

Mating and allelic exchange 
First, pWM91 is mated into the strain of interest, followed by two rounds of 

selection, one selection for a cross-in of pWM91 into the chromosome of the strain of 

interest and a second round of selection for a cross-out of the plasmid and the original 

sequence, leaving the construct originally inserted in pWM91 behind (Metcalf et al., 

1996). 

To generate a knock-out, the respective strain and E. coli SM10(pir harboring the 

respective knock-out construct are grown overnight in a lawn on LB agar plates 

supplemented with the required antibiotic. The bacteria are harvested and distributed onto 

a 4 by 4 cm2 area onto a fresh, pre-warmed LB agar plate. After incubation for about 8h, 

the bacteria are harvested, serially diluted and plated onto LB agar plates supplemented 

with the selective antibiotics for the strain of interest and pWM91 to select for 

transformants. The transformants were picked the next day and re-streaked one more time 

onto selective plates. Colonies were then picked, inoculated into 1ml of LB supplemented 

with antibiotics and grown for 4 hours on the roller drum. Afterwards, the bacteria are 

serially diluted and plated onto sucrose plates (1% tryptone, 0.5% yeast, 6% sucrose, 2% 

agar). The plates are incubated at room temperature for 2 days. Colonies are picked and 

screened by PCR with primers E and F to confirm the loss of the gene and plated onto LB 

plates supplemented with the antibiotic resistance of the plasmid to make sure that the 

strain is sensitive to this bacterium as a result of plasmid loss. 

The scar and surrounding regions were sequenced to make sure that the scar is in 

frame and no point-mutations were introduced in surrounding genes. 
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Bacterial killing assay 
The protocol of the bacterial killing assay originates from Dana MacIntyre and 

colleagues (MacIntyre et al., 2010) and is used to test if two bacteria kill each other in a 

T6SS-dependent manner during a 4h-long co-incubation period on an LB agar plate.  

Bacteria are grown over night on selective LB agar plates. To mix a specific 

number of bacteria with each other the next day, bacteria were harvested of the plate and 

resuspended in 2ml LB. A 1/50 dilution of this resuspension was used to measure the 

OD600 and calculate the amount of bacteria per ml resuspension. Depending on the 

experiment, predator and prey were mixed at a 10:1 or 1:1 ratio. When combined at a 

10:1 ratio, 108 and 107 bacteria were mixed. When combined at a 1:1 ratio, 108 were 

mixed with 108 bacteria. A test-tube was prepared in which the number of bacteria for 5 

killing spots was resuspended in 125'l of LB. 25'l of this resuspension was spotted onto 

an LB agar plate. This plate contains 20ml of LB agar and was incubated at room-

temperature over-night and pre-warmed for 30min at 37ºC. If the killing assay requires 

expression of genes from a plasmid, L-arabinose was added to the plate to a final 

concentration of 0.1% if not indicated otherwise. To determine the number of bacteria per 

killing spot based on a CFU count, bacteria were taken out of the test tube with the 

resuspension for 5 killing spots, serially diluted and plated onto LB agar plates 

supplemented with antibiotics to either select for predator or prey. The killing plate was 

incubated at 37ºC for four hours. After 4h, the killing spot was harvested and 

resuspended in 1ml of LB followed by a serial dilution and plating onto LB plates 

supplemented with antibiotics to select for predator or prey. The following day, CFUs 

were counted and the number of bacteria per killing spot before and after the 4h killing 

spot determined. If indicated, the competitive index was calculated by dividing the ratio 

of predator and prey after 4 h killing with the ratio of predator and prey before the 4h 

killing period. 

Killing can vary based on dryness of the killing plate. In my experience especially 

VasX-mediated killing and to a lesser degree VgrG-3-mediated or TseL-mediated killing 

are affected by dryness of the killing plate. 
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To test if a protein of interest was expressed during the 4h killing period, 200'l 

were taken out of the test tube in which the killing spot was resuspended after 4h of 

killing, and the bacteria therein resuspended in 100'l of sample buffer.  

 

High-throughput killing assays 
To screen the Keio library (Baba et al., 2006) for T6SS-resistant mutants of E. 

coli, a modified version of the killing assay was developed that could be used at high 

throughput. Bacterial cultures were grown in 96 well-plates over-night, diluted 1/100 the 

next day and grown to an OD600 of 0.5. Each E. coli mutant was mixed with either V. 

cholerae V52 or V. cholerae V52!vasK at a ratio 1:1 and 2'l were spotted onto a 96 

well-plate filled with 150'l of LB agar. The plates were incubated at 37ºC for four hours. 

Afterwards, the bacteria were washed of the LB agar and transferred into a new 96 well-

plate. LB supplemented with Kanamycin that selects for the growth of E. coli was added. 

The OD600 of the cultures was determined and the plate incubated at 37ºC with shaking 

for another 6 hours. The OD600 was determined and the difference between the OD600 

at these two time-points calculated.  

 

Plaque assay 
A plaque assay was performed to determine the virulence of V. cholerae against 

amoeba. Therefore, 100'l of bacterial overnight culture and 103 D. discoideum cells were 

plated onto SM/5 plates (2g glucose, 2g bactopeptone, 0.2g yeast extract, 0.1g MgSO4, 

1.9g KH2PO4, 1g K2HPO4, 2.92g NaCl, 7.5g agar in 1l ddH2O, pH 6.5). The plates were 

incubated at room temperature for three days and photographed.  

 

Protein secretion profile 
Bacterial cultures of the pellet and supernatant are harvested and further 

concentrated to test for the expression and secretion of T6SS proteins. 

To detect TseL in culture supernatants, overnight culture was diluted 1/100 into a 

culture with a total volume of 5ml and grown in the presence of a selective antibiotic to 

an OD600 of ~0.5 at 37ºC on the roller drum. If required, arabinose was added to the 

culture to a final concentration of 0.1% and the culture was grown for an additional hour. 
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The OD600 was determined and 1200'l were transferred into a test tube and centrifuged 

at 4ºC with 14,000 rpm for 10min. The tubes were kept on ice and the supernatant was 

transferred to a new test tube after filtration through a 0.22'm filter. 250'l of 

trichloracetic acid was added and the supernatant samples were stored stationary and 

over-night rotating at 4ºC. The pellet was resuspended in a volume of sample buffer 

calculated by multiplying the volume of culture taken ('l) with the OD600 and dividing 

the resulting number by 3. The next day, the supernatant samples were centrifuged for 1 h 

at 14,000rpm followed by two washes in ice-cold acetone. The pellets were air-dried and 

resuspended in 30'l sample buffer (10% glycerol , 0.08M Tris-HCl (pH 6.8), 2% SDS, 

0.01% bromophenol blue, 1.25% #-mercatptoeathanol).  

To analyze the secretion of Hcp, mid-log cultures with an OD600 of 0.5 were 

used.  

 
SDS-polyacrylamide gel electrophoresis (SDS PAGE) 

Cell lysates were subjected to SDS PAGE to separate proteins by size for later 

detection via western-blotting. 

In dependency on the size of the proteins of interest, 10 to 15% SDS 

polyacrylamide gels were used. The separating gel was made of acrylamide, 0.37M Tris 

pH8.8, 3.4mM SDS, 2mM ammonium persulfate (APS) and 0.6'M 

tetramethylethylenediamine (TEMED). The stacking gel was made of acrylamide, 0.12M 

Tris pH6.8, 3.4mM SDS, 3mM APS and 1.4mM TEMED. 10-20'l of sample was loaded 

onto a gel with 10 wells. Page ruler (Thermo Scientific, Waltham, MA, USA) was used 

as a size marker. Gels were run in the presence of Laemmli running buffer (25mM Tris, 

0.2M glycine, 0.1% SDS) at 100V and maximal Amp for 30min and then 150Vand 

maximal Amp until the samples separated throughout the gel.  

 
Western-blotting 

Proteins separated by size were transferred onto a nitrocellulose membrane and 

specific antibodies were added to detect the protein of interest. 

Transfer of the proteins from the polyacrylamide gel onto the nitrocellulose 

membrane (BioRad) was performed using the liquid transfer apparatus (BioRad) at 
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175mAmp for 90 minutes. The membrane was then incubated in blocking buffer (0.1M 

Tris, 1M NaCl, 0.5% Tween-20, pH 8.0, supplemented with 5% skim milk powder) for 1 

hour at room temperature. The following antibodies were used at the indicated titres for 

incubation over 1 hour at room-temperature or overnight at 4ºC: rabbit anti-Hcp (1:500, 

(Pukatzki et al., 2006)), rabbit anti-TseL (1:5000, Southern Alberta Cancer Institute, 

Calgary, Canada), mouse anti-DnaK (1:15000, Enzo Life Sciences, Farmingdale, NY, 

USA), mouse anti-HIS (1:1000, Santa Cruz, Dallas, TX, USA) and mouse anti-FLAG 

(1:1000, Sigma, St. Louis, MO, USA). After three washes with TBST, the membrane was 

incubated for 1 hour at room temperature with the following secondary antibodies linked 

to horse-radish peroxidase: goat anti-rabbit (1:3000, Santa Cruz, Dallas, TX, USA), goat 

anti-mouse (1:3000, Santa Cruz, Dallas, TX, USA), anti-mouse native protein (1:1000, 

Abcam, Toronto, ON, Canada). 

Substrate (SuperSignal West Pico, Thermo Scientific, Waltham, MA, USA) was 

added to the peroxidase and Fuji medical X-ray film was used to detect light emitted by 

the peroxidase bound to antibodies. 

 
Immunoprecipitation 

Immunoprecipitation experiments were performed to test the interaction between 

T6SS proteins. Therefore, bacterial lysates were incubated with beads coupled to FLAG-

antibodies. The beads were separated from the remainder of the culture and protein 

complexes bound to the FLAG antibody were analyzed by SDS-PAGE and western-

blotting. 

Overnight cultures were inoculated 1/100 into a total of 250 ml of LB 

supplemented with antibiotics and grown at 37°C shaking to an OD of 0.5. Arabinose 

was added to a final concentration of 0.1% and cultures were grown for an additional 

hour. Afterwards, bacteria were resuspended in 10 ml of TBST buffer (50 mM Tris, 

150mM NaCl, 0.05% Tween 20, pH 7.6) supplemented with protease inhibitor cocktail 

(cOmplete Tablets EDTA-free, Roche, Basel, Switzerland) and 1mg/ml lysozyme 

(Sigma, St. Louis, MO, USA). The resuspended cells were lysed by sonication (3 bursts 

for 30 sec, level 3) and centrifuged at 10,000g for 15min at 4°C. The supernatant was 

transferred to a falcon tube and kept on ice. Part of the lysate was mixed with sample 



206 
 

buffer, boiled and later loaded as “total”. The remaining part of the lysate was used for 

the immunoprecipitation. 

To prepare the anti-FLAG beads, 40 'l of gel suspension (A2220, Sigma, St. 

Louis, MO, USA) per sample was added to a test tube with ddH2O and rotated for 5min 

at 4°C. Beads were centrifuged at 5,000g for 30 sec, settled for 1min and washed two 

more times with 1ml of TBST. The suspension was distributed equally among the 

samples. The samples were then rotating for 2h at 4°C. Afterwards, the beads were 

washed with TBST, resuspended in 20'l sample buffer and boiled. These samples were 

further processed in SDS-PAGE and western-blot.  

 
Bacterial two-hybrid assay (BACTH assay) 

Bacterial two hybrid assays were performed to test the direct interaction between 

T6SS proteins. Therefore, liquid bacterial cultures were grown overnight in the presence 

of selected antibiotics. 5'l culture was spotted onto LB agar plates with a volume of 

20ml supplemented with 40'g/ml X-Gal, 0.5mM IPTG, Ampicillin and Kanamycin. The 

plates were incubated at 30ºC until bacteria turned blue except for the negative control 

that remained white. Pictures of the plates were taken using an htc phone. 

 
Animal experiments 

To determine if T6SS-mediated killing happens in vivo, we conducted animal 

experiments using the suckling mouse model for cholera (Klose, 2000). 

5-day old mice were inoculated intragastrically with a 1:1 mix of a lacZ positive 

and lacZ-negative strain at a total number of 109 bacteria/50'l. Serial dilutions of the 

input mix were prepared to determine the exact number of bacteria by CFU count. The 

mice were kept over-night and sacrificed to remove the small intestine. The tissue was 

resuspended in PBS and homogenized. Serial dilutions of the homogenate were prepared 

and plated onto LB plates supplemented with streptomycin and X-Gal (40'g/ml) to 

determine the ratio of bacteria that colonized the small intestine. The experiment was 

approved by the respective Ethics Committee at the University of Alberta. 
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Bioinformatics  

To predict the three-dimensional structure of a protein, the webtool Phyre2 

(Kelley et al., 2015) was used. For the modeling of TsiV1 and TseL in chapter 6, the 

intensive mode was used. 

Alignments between nucleotide or amino acid sequences of individual proteins or 

genes were preformed using the standard settings of MUSCLE (Edgar, 2004) in the 

Geneious software (Kearse et al., 2012). Alignments of nucleotide sequences that encode 

more than one open-reading frame were performed using the progressive MAUVE 

algorithm (Darling et al., 2004). The nucleotide or amino acid identity between sequences 

and the GC content of a particular nucleotide sequence was determined using the 

Geneious software. 

Multiple methods have been used to build phylogenetic trees. The phylogenetic 

tree of 37 V. cholerae strains shown in chapter 4 was assembled based on the 

concatenated nucleotide sequences of adk (adenylate kinase, locus tag VC0986), gyrB 

(DNA gyrase subunit, locus tag VC0015), mdh (malate dehydrogenase, locus tag 

VC0432), recA (recombinase A, locus tag VC0543), pgi (glucose-6-phosphate isomerase, 

locus tag VC0374) and rpoB (DNA-dependent RNA polymerase, locus tag VC0328) to 

establish the relatedness of V. cholerae to the corresponding genes from V. mimicus as 

the outgroup (Boucher et al., 2011). The data set containing these homologues had 38 

sequences and 11,046 positions. Alignments were done using ClustalW (Larkin et al., 

2007). All positions were determined to be homologous and were included in the 

alignment. jModelTest2 (Darriba et al., 2012; Guindon and Gascuel, 2003) was used to 

find the best model of nucleotide evolution for the sequences, incorporating corrections 

for invariable sites as well as a four-category gamma correction for rate variation when 

appropriate. A substitution model that accounted for both invariant sites and gamma-

distributed rate heterogeneity (GTR,I,G) was chosen. PhyML v. 2.4.4 (Guindon and 

Gascuel, 2003) was used for maximum likelihood analysis, and to generate ML bootstrap 

values based on 100 pseudoreplicates of each data set. The phylogenetic tree shown is the 

PhyML consensus topology. All other trees shown in the results section were created 

using the standard setting of RaxML (Stamatakis, 2006) with 100 bootstraps.  
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Statistical analysis 

Un-paired parametric t-tests were calculated based on log-transformed data from 

killing assays to determine the statistical significance of differences between two 

indicated groups of data points. The F-test was used to get an indication for equal 

variance between the compared groups. If necessary, we used the Welch correction to 

account for non-equal variance. P-values smaller than 0.05 were considered as 

statistically significant. 

 
Software and links 

For the bioinformatics analyses, the software Geneious (version 8, (Kearse et al., 

2012)) was used. The program figtree (http://tree.bio.ed.ac.uk/software/figtree/) was used 

to display phylogenetic trees. The following web tools were used for cloning: NEB cutter 

(http://nc2.neb.com/NEBcutter2/), Oligoanalyzer (https://www.idtdna.com/calc/analyzer) 

and Reverse complement converter (http://www.bioinformatics.org/sms/rev_comp.html). 

The software Prism was used to create graphs. Adobe CC was used to make graphical 

depictions. Microsoft Office was used for multiple applications. EndNote was used to 

manage the references. 
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Table of bacterial strains 
 

Strain Description Reference and Source 

V. cholerae V52 O37 serogroup strain 
isolated in Sudan in 1968 
from a clinical sample; 
Streptomycin resistant 

(Zinnaka and Carpenter, 
1972), John Mekalanos 
(Harvard Medical School, 
Boston, MA, USA) 

V. cholerae V52 vgrG-
1::myc 

V52 with endogenously 
myc-tagged vgrG-1 

(Pukatzki et al., 2007) 

V. cholerae V52!vgrG-1 In frame deletion mutant 
lacking VCV52_1390 

This study 

V. cholerae V52!vgrG-3 In frame deletion mutant 
lacking VCV52_A0139 

(Brooks et al., 2013) 

V. cholerae V52!tap-1 In frame deletion mutant 
lacking VCV52_1391 

This study 

V. cholerae V52!tseL In frame deletion mutant 
lacking VCV52_1392 

(Unterweger et al., 2014) 

V. cholerae V52!vasX In frame deletion mutant 
lacking VCV52_A0043 

(Miyata et al., 2013) 

V. cholerae V52!tseL!vasX In frame deletion mutant 
lacking VCV52_1392, 
VCV52_A0043 

(Miyata et al., 2013) 

V. cholerae 
V52!tseL!vgrG-3 

In frame deletion mutant 
lacking VCV52_1392, 
VCV52_A0139 

(Miyata et al., 2013) 

V. cholerae 
V52!vasX!vgrG-3 

In frame deletion mutant 
lacking VCV52_A0043, 
VCV52_A0139 

(Miyata et al., 2013) 

V. cholerae 
V52!tseL!vasX!vgrG-3 

In frame deletion mutant 
lacking VCV52_1392,  
VCV52_A0043, 
VCV52_A0139 

(Miyata et al., 2013) 

V. cholerae C6706 O1 serogroup strain 
(biotype: El Tor, serotype: 
Inaba) isolated in Peru in 
1991 from a clincal sample; 
resistant to Streptomycin 
and Rifampicin 

(Thelin and Taylor, 1996), 
John Mekalanos (Harvard 
Medical School, Boston, 
MA, USA) 

V. cholerae C6706!tseL In frame deletion mutant of (Miyata et al., 2013) 



210 
 

tseL 

V. cholerae C6706!tsiV1 In frame deletion mutant of 
tsiV1 

(Miyata et al., 2013) 

V. cholerae C6706!vasX In frame deletion mutant of 
vasX 

(Miyata et al., 2013) 

V. cholerae C6706!tsiV2 In frame deletion mutant of  
tsiV2 

(Miyata et al., 2013) 

V. cholerae C6706!vgrG-3 In frame deletion mutant of 
vgrG-3 

(Miyata et al., 2013) 

V. cholerae C6706!tsiV3 In frame deletion mutant of 
tsiV3 

(Miyata et al., 2013) 

V. cholerae 
C6706!tsiV1!tsiV2 

In frame deletion mutant of  
tsiV1 and tsiV2 

(Miyata et al., 2013) 

V. cholerae 
C6706!tsiV1!tsiV3 

In frame deletion mutant of  
tsiV1 and tsiV3 

(Miyata et al., 2013) 

V. cholerae 
C6706!tsiV2!tsiV3 

In frame deletion mutant of  
tsiV2 and tsiV3 

(Miyata et al., 2013) 

V. cholerae 
C6706!tsiV1!tsiV2!tsiV3 

In frame deletion mutant of  
tsiV1, tsiV2 and tsiV3 

(Miyata et al., 2013) 

V. cholerae 1587 Clinical isolate from Peru, 
isolated 1994, O12 
serogroup strain 

(Chun et al., 2009), 
Michelle Dziejman, 
(University of Rochester, 
New York) 

V. cholerae 1587!tap-1 In frame deletion mutant of 
A55_1501 

This study 

V. cholerae 
1587!A55_1501-1503 

In frame deletion mutant of 
A55_1501-1503 

This study 

V. cholerae V52!HRH V52 lacking hapA, rtxA, 
hlyA 

(Raskin et al., 2006) 

V. cholerae 
V52!HRH!vasX 

V52 mutant lacking vasX (Miyata et al., 2011) 

V. cholerae 
V52!HRH!vasW 

V52 mutant lacking vasW (Miyata et al., 2013) 

V. cholerae V51 O141 serogroup strain, 
isolated in the USA in 1987 
form a clinical sample  

Michelle Dziejman 
(Univeristy of Rochester, 
New York) 

V. cholerae 1587 O12 serorgoup strain, 
isolated in Peru 1994 from 

Michelle Dziejman 
(Univeristy of Rochester, 
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a clinical sample New York) 

V. cholerae DL4211 O123 serogroup strain, 
isolated from the Rio 
Grande river delta (USA) in 
2008 

(Unterweger et al., 2012),  
Daniele Provenzano 
(UBrownsville, TX, USA) 

V. cholerae DL4211!vasK In frame deletion mutant of 
vasK 

(Unterweger et al., 2012) 

V. cholerae MZO-2 O14 serogroup strain 
isolated in Bangladeh in 
2001 from a clinical sample 

Jun (Jay) Zu (University of 
Pennsylvania) 

V. cholerae AM-19226 Non-O1/O139 serogroup 
strain isolated in 
Bangladesh in 2001 from a 
clinical sample 

(Dziejman et al., 2005), 
John Mekalanos (Harvard 
Medical School, Boston, 
MA, USA) 

V. cholerae DL4215 O113 serogroup strain 
isolated from the Rio 
Grande river delta (USA) in 
2008 from an 
environmental sample 

(Unterweger et al., 2012) 
Daniele Provenzano 
(UBrownsville, TX, USA) 

V. cholerae DL4215!vasK In frame deletion mutatn of 
vasK 

(Unterweger et al., 2012) 

V. cholerae MZO-3 O37 serogroup strain 
isolated from Bangladesh in 
2001 from a clinical sample 

Michelle Dziejman 
(University of Rochester, 
New York) 

V. cholerae 2740-80 O1 serogroup strain 
(biotype: El Tor, serotype: 
Inaba) isolated at the Gulf 
Coast (USA) in 1980 from 
an environmental sample 

Jun (Jay) Zu (University of 
Pennsylvania) 

V. cholerae MAK757 O1 serogroup strain 
(biotype: El Tor) isolated in 
Indonesia in 1937 from a 
clinical sample 

Michelle Dziejman 
(University of Rochester, 
New York) 

V. cholerae MO10 O139 serogroup strain 
isolated in India in 1992 
from a clinical sample 

Michelle Dziejman 
(University of Rochester, 
New York) 

V. cholerae N16961 O1 serogroup strain 
(biotype: El Tor, serotype: 
Inaba) isolated in 
Bangladesh in 1975 from a 
clinical sample 

John Mekalanos (Harvard 
Medical School, Boston, 
MA, USA) 
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V. cholerae CA401 O1 serogroup strain 
(biotype: classical) isolated 
in India in 1953 from a 
clinical sample 

Shelley Paine (University 
of Texas at Austin) 

V. cholerae O395 O1 serogroup strain 
(biotype: classical) isolated 
in India in 1965 from a 
clinical sample 

John Mekalanos (Harvard 
Medical School, Boston, 
MA, USA) 

V. cholerae NIH41 O1 serogroup strain 
(biotype: classical) isolated 
in India in 1940 

John Mekalanos (Harvard 
Medical School, Boston, 
MA, USA) 

V. cholerae DL2111 Strain isolated from the Rio 
Grande river delta (USA) in 
2008 from an 
environmental sample 

(Unterweger et al., 2012), 
Daniele Provenzano 
(UBrownsville, TX, USA) 

V. cholerae DL2112 Strain isolated from the Rio 
Grande river delta (USA) in 
2008 from an 
environmental sample 

(Unterweger et al., 2012), 
Daniele Provenzano 
(UBrownsville, TX, USA) 

P. phenolica Isolated from the Rio 
Grande river delta (USA) in 
2008 from an 
environmental sample 

(Unterweger et al., 2012), 
Daniele Provenzano 
(UBrownsville, TX, USA) 

V. communis Isolated from the Rio 
Grande river delta (USA) in 
2008 from an 
environmental sample 

(Unterweger et al., 2012), 
Daniele Provenzano 
(UBrownsville, TX, USA) 

V. harbeyi Isolated from the Rio 
Grande river delta (USA) in 
2008 from an 
environmental sample 

(Unterweger et al., 2012), 
Daniele Provenzano 
(UBrownsville, TX, USA) 

E. coli MG1655 F- lambda- ilvG- rfb-50 
rph-1, Rifampicin-resistant 

(Blattner et al., 1997) 

E. coli TOP10 F- mcrA !(mrr-hsdRMS-
mcrBC) )80lacZ!T!M15 
lacX74 nupG recA1 
araD139 !(ara-leu_7697 
galE15 galK16 rpsL(StrR) 
end Ai (- 

Invitrogen 

E. coli DH5alph (pir fhuA2 D(argF-lacZ)U169 
phoA glnV44 W80 
D(lacZ)M15 gyrA96 

(Elliott and Kaper, 1997) 
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recA1 relA1 endA1 thi-1 
hsdR17 

E. coli SM10 (pir KmR, thi-1, thr, leu, tonA, 
lacY, supE, recA::RP4-2-
Tc::Mu, pir 

(R. Simon, 1983) 
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Table of plasmids 
 

Plasmid Description Reference 

pBAD24 pBAD vector, pBR332 ori, araC, 
AmpR 

(Guzman et al., 1995) 

ptsiV1 pBAD24 carrying tsiV1 (N16961) (Miyata et al., 2013) 

ptsiV1163F pBAD24 carrying tsiV1 (CA401) This study 

ptsiV2 pBAD24 carrying tsiV2 (N16961) (Miyata et al., 2013) 

ptsiV3 pBAD24 carrying tsiV3 (N16961) (Miyata et al., 2013) 

pvgrG-1 pBAD24 carrying VCV52_1390 (Pukatzki et al., 2007) 

ptap-1V52 pBAD24 carrying VCV52_1391, 
C-terminally HIS tagged 

This study 

ptap-1AM-19226 pBAD24 carrying A33_1345, C-
terminally HIS tagged 

This study 

ptap-11587 pBAD24 carrying A55_1501, C-
terminally HIS tagged 

This study 

p1503::FLAG pBAD24 carrying A55_1503, C-
terminally FLAG tagged 

This study 

ptap-1V52::FLAG pBAD24 carrying FLAG tagged 
VCV52_1391 

This study 

pFLAG::tap-1V52  
(AA1-286) 

pBAD24 carrying FLAG tagged 
VCV52_1391 

This study 

pFLAG::tap-1V52  
(AA15-286) 

pBAD24 carrying FLAG tagged 
VCV52_1391 lacking the first 42 
basepairs 

This study 

pvgrG-1::HIS pBAD24 carrying HIS tagged 
vgrG-1 

(Pukatzki et al., 2007) 

pvgrG-1::FLAG pBAD24 carrying FLAG tagged 
vgrG-1 

(Pukatzki et al., 2007) 

pvgrG-1 AA1-1163 pBAD24 carrying VCV52_1390 This study 

pvgrG-1 AA1-679 pBAD24 carrying VCV52_1390, 
basepairs 1-2037 

This study 

pvgrG-1 AA1-642 pBAD24 carrying VCV52_1390, 
basepairs 1-1926 

This study 
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Table of primers 

 

Name Sequence (5’ to 3’, restriction sites are 
underlined) 

Description 

tsiV1-A GGATCC GCCATAGCTTAGGGGGCGC Primer A, knock-out 
tsiV1 in C6706  

tsiV1-B GGCATTAATTATCATCAGAATTCAATA
ACTTCATCTTATTTGC 

Primer B, knock-out 
tsiV1 in C6706 

tsiV1-C TAAGATGAAGTTATTGAATTCTGATGA
TAATTAATGCC 

Primer C, knock-out 
tsiV1 in C6706 

tsiV1-D GGATCC ACACCTGCATCCTTAGCGCG Primer D, knock-out 
tsiV1 in C6706 

tsiV1-E GTGGAACATATGTTCATCGGGGG 
 

Primer E, knock-out 
tsiV1 in C6706 

tsiV1-F CCTTGAAGGAAAATCAGCAAGCC Primer F, knock-out 
tsiV1 in C6706 

tsiV2-A GGATC CAACCGATCTTGAAC Primer A, knock-out 
tsiV2 in C6706  

tsiV2-B TGAGCTATTCCTCTTTTAATTTATCAAT
TAACATTTAA 

Primer B, knock-out 
tsiV2 in C6706 

tsiV2-C TTAAATGTTAATTGATAAATTAAAAGA
GGAATAGCTCA 

Primer C, knock-out 
tsiV2 in C6706 

tsiV2-D GGATCC CTTATCTACTCGTTA Primer D, knock-out 
tsiV2 in C6706 

tsiV3-A GGATCC AGCATTGGCGCTGTT Primer A, knock-out 
tsiV3 in C6706  

tsiV3-B AATCCTAACTATTATCAACAAGCAAGT
TATTCATTTTA 

Primer B, knock-out 
tsiV3 in C6706 

tsiV3-C TAAAATGAATAACTTGCTTGTTGATAA
TAGTTAGGATT 

Primer C, knock-out 
tsiV3 in C6706 

tsiV3-D GGATCC AGCGCGAGATCAATAC Primer D, knock-out 
tsiV3 in C6706 

tsiV3-E GCAGGAGCTGATGGTGACTT 
 

Primer E, knock-out 
tsiV3 in C6706 

tsiV3-F CCTGTGCCACGATGACACTT 
 

Primer F, knock-out 
tsiV3 in C6706 
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vgrG-3-A GGATCC CCACAAGTGAGCGTGCG Primer A, knock-out 
vgrG-3 in V52 

vgrG-3-B TTATTCATTTTATATCAACCTGTAACCT
TGCCATGCTG 

Primer B, knock-out 
vgrG-3 in V52 

vgrG-3-C CAGCATGGCAAGGTTACAGGTTGATAT
AAAATGAATAA 

Primer C, knock-out 
vgrG-3 in V52 

vgrG-3-D GGATCC GTAATGAAGATTTGATGAGG Primer D, knock-out 
vgrG-3 in V52 

vgrG-3-E GTT GCA CTG GGA ATG GTG GG 
 

Primer E, knock-out 
vgrG-3 in V52 

vgrG-3-F GGTCGAACCGTGATCATTTCGC 
 

Primer F, knock-out 
vgrG-3 in V52 

tseL-A GGATCC CGTTTAAACAGGCGGTGGCG Primer A, knock-out 
tseL in V52 

tseL-B GATAACCATGATTTCACAGCAAACCTT
ACC 

Primer B, knock-out 
tseL in V52 

tseL-C GCTGTGAAATCATGGTTATCCCCTTAGT
TC 

Primer C, knock-out 
tseL in V52 

tseL-D GGATCC 
CACCGGCATTAATTATCATCAGATACC 

Primer D, knock-out 
tseL in V52 

tseL-E GGCAACGCATTATTGCTTAGTGG 
 

Primer E, knock-out 
tseL in V52 

tseL-F CTCGCCAAGTCCATGGTTGC Primer F, knock-out 
tseL in V52 

Ko1391-A GCGGCCGC ACA ACA AGC CAC AGT 
GGG 

Primer A, knock-out 
construct VCV52_1391 

Ko1391-B ATGGTTATCCCCTTAGTTCATAATGCGT
TGCCATTCTT 

Primer B, knock-out 
construct VCV52_1391 

Ko1391-C AAGAATGGCAACGCATTATGAACTAAG
GGGATAACCAT 

Primer C, knock-out 
construct VCV52_1391 

Ko1391-D GCGGCCGC 
CTACCGACATCATCCTCAGC 

Primer D, knock-out 
construct VCV52_1391 

ko1391-E ATG TGA TTG CTG CGG GC Primer E to confirm 
knock-out 
VCV52_1391 

Ko1391-F CCTCTCACACCTATAATCGCC Primer F to confirm 
knock-out 
VCV52_1391 
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Ko1390-A GGATCC 
AAGCGTGTTCACATTTGGAGCC 

Primer A, knock-out 
construct VCV52_1390 

Ko1390-B CATTCTTGAGGATTATGCTCCGCTAATG
TCGCCATCCTG 

Primer B, knock-out 
construct VCV52_1390 

Ko1390-C CAGGATGGCGACATTAGCG 
GAGCATAATCCTCAAGAATG 

Primer C, knock-out 
construct VCV52_1390 

Ko1390-D GCGGCCGC 
AGAAGCATTGACATCTATCCC 

Primer D, knock-out 
construct VCV52_1390 

Ko1390-E GTTCGGTTGTCGTGCCCG Primer E to confirm 
knock-out 
VCV52_1390 

Ko1390-F CGACAACAACGCAAAGGTATAACTATT
CACC 

Primer F to confirm 
knock-out 
VCV52_1390 

1391 F CCATGGCAACGCATTATTGCTT To clone HIS-tagged 
VCV52_1391 

1391 R TCTAGATTAGTGGTGATGGTGATGATG
TCCCCTTAGTTCAAATTGACG 

To clone HIS-tagged 
VCV52_1391 

1501 F GAATTCACCATGATTCAGCAGTGGCTA
ATGG 

Forward primer for 
HIS-tagged A55_1501 

1501 R GGTACCTTAGTGGTGATGGTGATGATG
TGCTAATTTCTCCCGAATTTGC 

Reverse primer for 
HIS-tagged A55_1501 

1345* F GAATTCACCATGGCAACGCATTATTGC
TT 

Forward primer for 
HIS-tagged A33_1345* 

1501 ko A CCCGGG TTCTTTCTTAAACGGTGACC Primer A, knock-out 
construct A55_1501 

1501 ko B CCTGAAGTTCTTGTTGATTATCTAATAA
CCAGAAGGTG 

Primer B, knock-out 
construct A55_1501 

1501 ko C CACCTTCTGGTTATTAGATAATCAACA
AGAACTTCAGG 

Primer C, knock-out 
construct A55_1501 

1501 ko D ACTAGT 
TTACTTGCACTACCCGCAACCG 

Primer D, knock-out 
construct A55_1501 

1501 ko E TGGGACCGCTACTCGAACGG Primer E to confirm 
knock-out A55_1501 

1501 ko F TTACCAATTCCTAAGCCTTGCCCG Primer F to confirm 
knock-out A55_1501 

1501-3 ko 
A 

ACTAGT TACAAGAGCACCTTGACCCCG Primer A, knock-out 
construct A55_1501-



218 
 

1503 

1501-3 ko 
B 

AAGTTACTCGCCAAGCGTTGGTGGGTG
TTTTTTGCTCC 

Primer B, knock-out 
construct A55_1501-
1503 

1501-3 ko 
C 

GGAGCAAAAAACACCCACCAACGCTTG
GCGAGTAACTT 

Primer C, knock-out 
construct A55_1501-
1503 

1501-3 ko 
D 

CCCGGG ATTGGTTTGATGTTCTTTGCC Primer D, knock-out 
construct A55_1501-
1503 

1501-3 ko 
E 

CTACAAAGACGATGTGAACGGTGCC Primer E to confirm 
knock-out A55_1501-
1503 

1501-3 ko 
F 

TGACCACCTACGCCTTTGCC Primer F to confirm 
knock-out A55_1501-
1503 

1503 fw GAATTC ACC 
ATGAAAAGGTTGTTTCTAATACTATCC 

Forward primer for 
A55_1503 

1503 rev TCTAGATTTGTCGTCGTCGTCTTTATAG
TCCTCGCCAAGCGTTTTAATC 

 

Reverse primer for 
FLAG-tagged 
A55_1503 

1391 fw A GAATTC ACC ATG 
GCAACGCATTATTGCTTAGTGGAAAAT
GG 

Forward primer for 
VCV52_1391 

1391 rev TTCTAGATTActtgtcatcgtcgtccttgtagtcTCCC
CTTAGTTCAAATTGACGAGTTAAAGC 

Reverse primer for 
FLAG-tagged 
VCV52_1391 

vgrG-1 fw ACCATGGCGACATTAGCGTACAGCATT
GAGGTGGAAGGGCTGGAAGATGAGAC
TCTGGTGGTCAGAGG 

Forward primer to 
create truncated 
versions of vgrG-1 
(VCV52_1390) 

vgrG-1 
rev1 

ATCTAGACTAAGCAATAATGCGTTGCC
ATTCTTGAGGATTATGCTCTTTAACCC 

Reverse primer to 
amplify full-length 
vgrG-1 (VCV52_1390) 

vgrG-1 
rev2 

ATCTAGACTAGGCTAAAGGACACACCT
TCACCGCAGGAACATTCGCTTGCTCGG
CC  
 

Reverse primer to 
amplify basepairs 1-
2037 of vgrG-1 
(VCV52_1390) 

vgrG-1 ATCTAGACTACGGTAAGGCGGGCATTG Reverse primer to 
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rev3 CACCGCCAAAGC amplify basepairs 1-
1926 of vgrG-1 
(VCV52_1390) 

1391 fw1 A GAATTC ACC ATG gac tac aag gac gac 
gat gac aag 
GCAACGCATTATTGCTTAGTGGAAAAT
GG 

Forward primer for full 
length VCV52_1391 

1391 fw2 A GAATTC ACC ATG gac tac aag gac gac 
gat gac aag  
CTTTTACAATGGTTGAGTGAACAGACA
TCAAACG 

Forward primer for 
VCV52_1391 starting at 
basepair 43 

1391 bw1 GGTCTAGATTATCCCCTTAGTTCAAATT
GACGAGTTAAAGC 

Reverse primer for 
VCV52_1391 

ACD-A AGC GGC CGC GCT ACT CGA ACG G ACD knock-in into 
1587 

ACD-B AGGCGTTGCTTCTTGAGCGGCTAAAGG
ACACACCTTCA 

ACD knock-in into 
1587 

ACD-C TGAAGGTGTGTCCTTTAGC 
CGCTCAAGAAGCAACGCCTGCGGTGAA
TAGTATCGCG 

ACD knock-in into 
1587 

ACD-D TTAGCCACTGCTGAATCATG  
CAATAATGCGTTGCC 

ACD knock-in into 
1587 

ACD-E AATGGCAACGCATTATTGCATGATTCA
GCAGTGGCTAA 

ACD knock-in into 
1587 

ACD-F !"#!$#%##!"##$"!"#!"""$"!!""$% ACD knock-in into 
1587 

ACD-G ATG ATC GCC ACG GTC GTC G ACD knock-in into 
1587 

ACD-H ##!""!!##""#!!$""##$"""$% ACD knock-in into 
1587 
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Table of accession numbers  
 

(Strains for which sequences of T6SS gene clusters were generated in this study and are 
now available under the indicated accession codes are marked with an asterisk). 

 

V. cholerae strain GenBank Accession  

12129(1) ACFQ00000000 

1587 AAUR01000000 

2740-80 AAUT01000000 

623-39 AAWG00000000 

2010EL-1786 CP003069/CP003070 

AM-19226 AATY01000000 

Amazonia AFSV00000000 

BX 330286 ACIA00000000 

C6706 AHGQ00000000 

CA401* KF228943/KF228947/KF228950 

CIRS101 ACVW00000000 

CP1041 SRA037374 

DL4211* KC955251/KF228941/KF228945 

DL4215* KF228942/KF228946/KF228949 

HC-07A1 SRA035959 

HC-32A1 SRA035998 

HC-33A2 SRA035995 

HC-38A1 SRA030739 

HC-43B1 ALDP01000000 

HE-25 ALEC00000000 

HE-39 SRA030720 

HE-45 ALED00000000 

LMA3984-4 CP002555/CP002556 

M66-2 NC_012578/NC_012580 

MAK 757 AAUS00000000 

MJ-1236 CP001485/CP001486 
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MO10 AAKF03000000 

MZO-2 AAWF01000000 

MZO-3 AAUU01000000 

N16961 AE003852/AE003853 

NIH41* KF228944/KF228948/KF228951 

O395 CP000626/CP000627 

TM 11079-80 ACHW00000000 

TMA21 ACHY00000000 

V51 AAKI02000000 

V52 AAKJ02000000 

VL426 ACHV00000000 
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Table with locus tags and sequences for the bioinformatics analysis of Tap-1 
 

Locus tags V. 
cholerae 
strain 

Nucleotide sequence (if necessary) 

VC1417 N16961 - 
VCV52_1391 V52 - 
A33_1346* AM-

19226 
ATGGCAACGCATTATTGCTTAGTGGAAAATGGAATGGAAAA 
GATGCTTTTACAATGGTTGAGTGAACAGACATCAAACGTCTA 
TTGGCTTGCTGATCATTCAACGTTTAAACAGGCGGTGGCGAA 
TAACAGTGGAATTGTATTTGATGGTACACAAGTTGTTTTCCAC 
GGAGAGACCTTTGCCCCTGTGATGGCGTTATCGCCTTGGTTAG 
TCCCTGTCTCTGATATGGTATCGGATATCGACTACGAGTGCTT 
ACAACAAGGTATATTCCTAAGTTGCTCCTGTCCCTCCACAGAG 
TTATTAAGCCATCTCCAAAGCCTTTTGATTGCAGCACTGGAAG 
GCGAAGAAGTACTGTTTCGTTTTTATGATAGGCAGGTCATTGT 
GCCTATGTTGGATGCGATGCGAGATCTGGAACGTAACGATTTT 
TTAGGGCCGGTAGAAAAATTAGCCGCCGTTAAGCAAGGAGTA 
TTTCAGGAATGGGGAAATACGCGTAGTTTCGAGTTTATCTATC 
AACCTGCCCCTTGGTGGAAAATTCAGCCTTATCATTTGATGCC 
ACTTTATCGAACCGAAGTGCATGCCCAAGTTTTAGAACGACGT 
TTTTGGGAAAAACTTCCTTACGTAATGGAACAGCTTGATGAGC 
CACAACAATGGATTAAAACCATTTTAGATGAAGCTAAGCAGG 
CTAATTTGGGGCACGATAATGCAGAGTACTTAGTTTTAAATCA 
CTTGTGGAAAGGCTCATTAACCACTCTAGAGCAGATGAGTGA 
TGATCTTCATCTTAATCAACAAGAACTTCAGGAAATAATGCA 
AATTCGGGAGAAATTAGCATGA 

A55_1501 1587 - 
A59_1447 623-39 - 
VCG_002608* 12129(1) ATGATTCAGCAGTGGCTAATGGAGCAAAAAACACCCACCTTC 

TGGTTATTAGATCAACAAGCTTTTAAATGCGTCATCGCAGCG 
AATAACGGAATAGGATTTGACGGCACTCAGATTCTATTTCAC 
GGCGAGACATTTGCTCCTGTGATGAGTTTGTCTCCTTGGTTAA 
TTCCTGTCTCCGACAAGGTGCTGGAATTGTCGGATGAGCTGTT 
ACAGCAAGGTATTTTCTTAACCAGTCATAGTTCTACAAGTGAA 
TTATTAAGCCATCTCCAAAGCCTTTTGGTTGCAGCACTGGAAG 
GCGAAGAAGTACTGTTTCGTTTTTATGATAGGCAGGTCATTTT 
GCCTATGCTGGATGCGATGCGAGATCTGGAACGTAACGATTTT 
TTAGGGCCGGTAGAAAAATTAGCCGCCGTTAAGCAAGGAGTAT 
TTCAGGAATGGGGAAATACGCGTAGTTTCGAGTTTATCTATCAA 
CCTGCCCCTTGGTGGAAAATTCAGCCTTATCATTTGATGCCACTT 
TATCGAACCGAAGTGCATGCCCAAGTTTTAGAACGACGTTTTTG 
GGAAAAGCTTCCTTACGTAATGGAACAGCTTGATGAGCCACAAC 
AATCGATTAAAACCATTTTAGATGAAGCTAAGAAGGCTAATTTG 
GGGCACGATAATGCAGAGTACTTAGTTTTAAATCACTTGTGGA 
AAGCCTCATTAACCACTCTAGAGCAGATGAGTGATGCTCTTCA 
TCTTAATCAACAAGAACTTCAGGAAATAATGCAAATTCGGGAG 
AAATTAGCATGA 

VCV51_B0075 V51 - 
No locus tag Amazonia ATGATTCAGCAGTGGCTAATGGAGCAAAAAATACCCACC 

TTCTGGTTATTAGATCAACAAGCTTTTAAATGCGTCATCGC 
AGCGAATAACGGAATAGGATTTGACGGCACTCAGATTCTA 
TTTCACGGCGAGACATTTGCTCCTGTGATGAGTTTGTCTCC 
TTGGTTAATTCCTGTCTCCGACAAGGTGCTGGAATTGTCGG 
ATGAGCTGTTACAGCAAGGTATTTTCTTAACCAGTCATAGTT 
CTACAAGTGAATTATTAAGCCATCTCCAAAGCCTTTTGGTTG 
CAGCACTGGAAGGCGAAGAAGTACTGTTTCGTTTTTATGATA 
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GGCAGGTCATTTTGCCTATGCTGGATGCGATGCGAGATCTGG 
AACGTAACGATTTTTTAGGGCCGGTAGAAAAATTAGCCGCCG 
TTAAGCAAGGAGTATTTCAGGAATGGGGAAATACGCGTAGTT 
TCGAGTTTATCTATCAACCTGCCCCTTGGTGGAAAATTCAGCC 
TTATCATTTGATGCCACTTTATCGAACCGAAGTGCATGCCCAA 
GTTTTAGAACGACGTTTTTGGGAAAAGCTTCCTTACGTAATGG 
AACAGCTTGATGAGCCACAACAATGGATTAAAACCATTTTAG 
ATGAAGCTAAGCAGGCTAATTTGGGGCACGATAATGCAGAGT 
ACTTAGTTTTAAATCACTTGTGGAAAGCCTCATTAACCACTCT 
AGAGCAGATGAGTGATGCTCTTCATCTTAATCAACAAGAACTT 
CAGGAAATAATGCAAATTCGGGAGAAATTAGCATGA 

VIF_002053 TM11079-
80 

- 

VCHC43B1_1452 HC-43B1 - 
VCHE45_1517 HE-45 - 
VCHE39_2321 HE-39 - 
A51_B1431 MZO-3 - 
VCB_003440 TMA21 - 
No locus tag DL4215 ATGGCAACGCATTATTGCTTAGTGGAAAATGGAATGGAAAAGA 

TGCTTTTACAATGGTTGAGTGAACAGACATCAAACGTCTATTGG 
CTTGCTGATCATTCAACGTTTAAACAGGCGGTGGCGAATAACAG 
TGGAATTGTATTTGATGGTACACAAGTTGTTTTCCACGGCGAGAC 
CTTTGCTCCTGTGATGAGTTTGTCCCCTTGGCTAATTCCTGTCTCA 
GATAAGGTGTTGGCATTACCGGATGAGCTGTTACAGCAAGGCAT 
TTTCTTAACCAGTCATAGTTCTACAAGTGAATTATTAAGCCATCT 
TCAAAGCCTTTTGATTGCAGCACTGGAAGGCGAAGAAGTACTGT 
TTCGTTTTTATGATAGGCAGGTCATTGTGCCTATGCTGGATGCGA 
TGCGAGATCTGGAACGTAACGATTTTTTAGGGCCGGTAGAAAAA 
TTAGCCGCCGTTAAGCAAGGAGTATTTCAGGAATGGGGAAATAC 
GCGTAGTTTCGAGTTTATCTATCAACCTGCCCCTTGGTGGAAAAT 
TCAGCCTTATCATTTGATGCCACTTTATCGAACCGAAGTGCATGC 
CCAAGTTTTAGAACGACGTTTTTGGGAAAAGCTTCCTTACGTAAT 
GGAACAGCTTGATGAGCCACAACAATCGATTAAAACCATTTTAG 
ATGAAGCTAAGCAGGCTAATTTGGGGCACGATAATGCAGAGTA 
CTTAGTTTTAAATCACTTGTGGAAAGCCTCATTAGCCACTCTAG 
AGCAGATGAGTGATGCTCTTCATCTTAATCAACAAGAACTTCA 
GGAAATAATGCAAATTCGGGAGAAATTAGCATGA 

VCA_001063 VL426 - 
No locus tag DL4211 ATGGCAACGCATTATTGCTTAGTGGAAAATGGAATGGAAA 

AGATGCTTTTACAATGGTTGAGTGAACAGACATCAAACGTC 
TATTGGCTTGCTGATCATTCAACGTTTAAACAGGCGGTGGCG 
AATAACAGCGGAATTGTATTTGATGGTACACAAGTTGTTTTC 
CACGGAGAGACCTTTGCCCCTGTGATGGCGTTATCGCCTTGGT 
TAGTCCCTGTCTCTGATATGGTATCGGATATCGACTACGAGTG 
CTTATTACAACAAGGTATATTCCTAAGTTGCTCCTGTCCCTCC 
ACAGAGTTATTAAGCCATCTCCAAAGCCTTTTGATTGCAGCAC 
TGGAAGGCGAAGAAGTACTGTTTCGTTTTTATGATAGGCAGGT 
CATTGTGCCTATGTTGGATGCGATGCGAGATCTGGAACGCAA 
TGATTTTTTAGGGCCGGTAGAGAAATTAGCCGCCGTTAAGCA 
AGGAGTATTTCAGGAATGGGGAAATACGCGCAGTTCCGAGTT 
TATCTATCAGCCAGCTCCTTGGTGGAAAATACAACCTTATCAT 
TTGATGCCACTTTATCGAACTGAAGTACATGCCCAAGTTTTAG 
AACGACGTTTTTGGGAAAAGCTTCCTTACGTAATGGAACAGCT 
TGATGAGCCACATCAATGGATTAAAACCATTTTAGATGAAGCT 
AAGCAGGCTAATTTGGGGCACGATAATGCAGAGTACTTAGTT 
TTAAATCACTTGTGGAAAGGCTCATTAACCACTCTAGAGCAG 
ATGAGTGATGCTCTTCATCTTAATCAACAAGAACTTCAGGAA 
ATAATGCAAATTCGGGAGAAATTAGCATGA 

No locus tag HE-25 ATGGCAACGCATTATTGCTTAGTGGAAAATGGAATGGAAAAGA 
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TGCTTTTACAATGGTTGAGTGAACAGACATCAAACGTCTATTGG 
CTTGCTGATCATTCAACGTTTAAACAGGCGGTGGCGAATAACAG 
TGGAATTGTATTTGATGGTACACAAGTTGTTTTCCACGGAGAGA 
CCTTTGCCCCTGTGATGGCGTTATCGCCTTGGTTAGTCCCTGTCT 
CTGATATGGTATCGGATATCGACTACGAGTGCTTACAACAAGGT 
ATATTCCTAAGTTGCTCCTGTCCCTCCACAGAGTTATTAAGCCAT 
CTCCAAAGCCTTTTGATTGCAGCACTGGAAGGCGAAGAAGTACT 
GTTTCGTTTTTATGATAGGCAGGTCATTGTGCCTATGTTGGATGC 
GATGCGAGATCTGGAACGTAACGATTTTTTAGGGCCGGTAGAAA 
AATTAGCCGCCGTTAAGCAAGGAGTATTTCAGGAATGGGGAAAT 
ACGCGTAGTTTCGAGTTTATCTATCAACCTGCCCCTTGGTGGAAA 
ATTCAGCCTTATCATTTGATGCCACTTTATCGAACCGAAGTGCAT 
GCCCAAGTTTTAGAACGACGTTTTTGGGAAAAACTTCCTTACGT 
AATGGAACAGCTTGATGAGCCACAACAATGGATTAAAACCATTT 
TAGATGAAGCTAAGCAGGCTAATTTGGGGCACGATAATGCAGA 
GTACTTAGTTTTAAATCACTTGTGGAAAGGCTCATTAACCACT 
CTAGAGCAGATGAGTGATGATCTTCATCTTAATCAACAAGAA 
CTTCAGGAAATAATGCAAATTCGGGAGAAATTAGCATGA 

Vch1786_I0916 2010EL-
1786 

- 

No locus tag 2740-80 ATGGCAACGCATTATTGCTTAGTGGAAAATGGAATGGAAAAG 
ATGCTTTTACAATGGTTGAGTGAACAGACATCAAACGTCTATT 
GGCTTGCTGATCATTTAACGTTTAAACAGGCGGTGGCGAATAA 
CAGTGGAATTGTATTTGATGGTACACAAGTTGTTTTCCACGGAG 
AGACCTTTGCCCCTGTGATGGCGTTATCGCCCTGGTTAGTCCCTG 
TCTCTGATATGGTATCGGATATCGACTACGAGTGCTTACAACAA 
GGTATATTCCTAAGTTGCTCCTGTCCCTCCACAGAGTTATTAAGC 
CATCTCCAAAGCCTTTTGATTGCAGCACTGGAAGGCGAAGAAGT 
ACTGTTTCGTTTTTATGATAGGCAGGTCATTGTGCCTATGCTTGA 
ACGAATGGATGAAATAGAAAAAAATCAGTTCTTAGGTAAGATA 
AATCAGTTAGTCGTGTTCGATAGCCATGAGAAAAATCGGTTAGT 
CTCATTTACCAATACATCAGACGCTCAGTTTACGGCCAAAAAGA 
CAACGTGGTGGGTGATCAAACGACACCATTTGGAGGCTCATGAG 
AATTTGCCTCTTGTTCAAGCTAACCTCGAATCTTGGCTATGGCGG 
CATTTTCCAAAAGTGATGAACGAGTACTTAATTCAAGGGCGTGA 
TATCGCTTCCATGCTCGCTCCATCTCTCTCTGTTCCTGAACAAAC 
CTTAACATATCGTGTGTTAAGTGCCGCTATCGTTGCTGTTGTCG 
GTGCCGAACAATTGACTCAGCCTAGCATGATTGAATTTCTACG 
AGACTATAACAACGAAGAAGCTCAGCTCGCTCTGCATGCTTTA 
ACTCGTCAATTTGAACTAAGGGGATAA 

VCF_000214 BX 
330286 

- 

No locus tag C6706 ATGGCAACGCATTATTGCTTAGTGGAAAATGGAATGGAAAAGA 
TGCTTTTACAATGGTTGAGTGAACAGACATCAAACGTCTATTGGC 
TTGCTGATCATTTAACGTTTAAACAGGCGGTGGCGAATAACAGTG 
GAATTGTATTTGATGGTACACAAGTTGTTTTCCACGGAGAGACCT 
TTGCCCCTGTGATGGCGTTATCGCCCTGGTTAGTCCCTGTCTCTGA 
TATGGTATCGGATATCGACTACGAGTGCTTACAACAAGGTATAT 
TCCTAAGTTGCTCCTGTCCCTCCACAGAGTTATTAAGCCATCTCCA 
AAGCCTTTTGATTGCAGCACTGGAAGGCGAAGAAGTACTGTTTCG 
TTTTTATGATAGGCAGGTCATTGTGCCTATGCTTGAACGAATGGA 
TGAAATAGAAAAAAATCAGTTCTTAGGTAAGATAAATCAGTTAG 
TCGTGTTCGATAGCCATGAGAAAAATCGGTTAGTCTCATTTACCA 
ATACATCAGACGCTCAGTTTACGGCCAAAAAGACAACGTGGTGG 
GTGATCAAACGACACCATTTGGAGGCTCATGAGAATTTGCCTCTT 
GTTCAAGCTAACCTCGAATCTTGGCTATGGCGGCATTTTCCAAAA 
GTGATGAACGAGTACTTAATTCAAGGGCGTGATATCGCTTCCATG 
CTCGCTCCATCTCTCTCTGTTCCTGAACAAACCTTAACATATCGT 
GTGTTAAGTGCCGCTATCGTTGCTGTTGTCGGTGCCGAACAAT 
TGACTCAGCCTAGCATGATTGAATTTCTACGAGACTATAACAA 
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CGAAGAAGCTCAGCTCGCTCTGCATGCTTTAACTCGTCAATTTG 
AACTAAGGGGATAA 

No locus tag CA401 ATGGCAACGCATTATTGCTTAGTGGAAAATGGAATGGAAAAG 
ATGCTTTTACAATGGTTGAGTGAACAGACATCAAACGTCTATT 
GGCTTGCTGATCATTTAACGTTTAAACAGGCGGTGGCGAATAA 
CAGTGGAATTGTATTTGATGGTACACAAGTTGTTTTCCACGGAG 
AGACCTTTGCCCCTGTGATGGCGTTATCGCCCTGGTTAGTCCCTG 
TCTCTGATATGGTATCGGATATCGACTACGAGTGCTTACAACAA 
GGTATATTCCTAAGTTGCTCCTGTCCCTCCACAGAGTTATTAAGC 
CATCTCCAAAGCCTTTTGATTGCAGCACTGGAAGGCGAAGAAGT 
ACTGTTTCGTTTTTATGATAGGCAGGTCATTGTGCCTATGCTTGA 
ACGAATGGATGAAATAGAAAAAAATCAGTTCTTAGGTAAGATAA 
ATCAGTTAGTCGTGTTCGATAGCCATGAGAAAAATCGGTTAGT 
CTCATTTACCAATACATCAGACGCTCAGTTTACGGCCAAAAAG 
ACAACGTGGTGGGTGATCAAACGACACCATTTGGAGGCTCATG 
AGAATTTGCCTCTTGTTCAAGCTAACCTCGAATCTTGGCTATGG 
CGGCATTTTCCAAAAGTGATGAACGAGTACTTAATTCAAGGGCG 
TGATATCGCTTCCATGCTCGCTCCATCTCTCTCTGTTCCTGAACA 
AACCTTAACATATCGTGTGTTAAGTGCCGCTATCGTTGCTGTTG 
TCGGTGCCGAACAATTGACTCAGCCTAGCATGATTGAATTTCT 
ACGAGACTATAACAACGAAGAAGCTCAGCTCGCTCTGCATGC 
TTTAACTCGTCAATTTGAACTAAGGGGATAA 

VCH002160* CIRS101 ATGGCAACGCATTATTGCTTAGTGGAAAATGGAATGGAAAAGAT 
GCTTTTACAATGGTTGAGTGAACAGACATCAAACGTCTATTGGCT 
TGCTGATCATTTAACGTTTAAACAGGCGGTGGCGAATAACAGTGG 
AATTGTATTTGATGGTACACAAGTTGTTTTCCACGGAGAGACCTTT 
GCCCCTGTGATGGCGTTATCGCCCTGGTTAGTCCCTGTCTCTGATA 
TGGTATCGGATATCGACTACGAGTGCTTACAACAAGGTATATTCC 
TAAGTTGCTCCTGTCCCTCCACAGAGTTATTAAGCCATCTCCAAAG 
CCTTTTGATTGCAGCACTGGAAGGCGAAGAAGTACTGTTTCGTTTT 
TATGATAGGCAGGTCATTGTGCCTATGCTTGAACGAATGGATGAA 
ATAGAAAAAAATCAGTTCTTAGGTAAGATAAATCAGTTAGTCGTG 
TTCGATAGCCATGAGAAAAATCGGTTAGTCTCATTTACCAATACA 
TCAGACGCTCAGTTTACGGCCAAAAAGACAACGTGGTGGGTGATC 
AAACGACACCATTTGGAGGCTCATGAGAATTTGCCTCTTGTTCAA 
GCTAACCTCGAATCTTGGCTATGGCGGCATTTTCCAAAAGTGATG 
AACGAGTACTTAATTCAAGGGCGTGATATCGCTTCCATGCTCGCT 
CCATCTCTCTCTGTTCCTGAACAAACCTTAACATATCGTGTGTTA 
AGTGCCGCTATCGTTGCTGTTGTCGGTGCCGAACAATTGACTCA 
GCCTAGCATGATTGAATTTCTACGAGACTATAACAACGAAGAA 
GCTCAGCTCGCTCTGCATGCTTTAACTCGTCAATTTGAACTAAG 
GGGATAA 

VCHC7A1_02526 HC-07A1 - 
No locus tag HC-32A1 ATGGCAACGCATTATTGCTTAGTGGAAAATGGAATGGAAAAGATG 

CTTTTACAATGGTTGAGTGAACAGACATCAAACGTCTATTGGCTT 
GCTGATCATTTAACGTTTAAACAGGCGGTGGCGAATAACAGTGG 
AATTGTATTTGATGGTACACAAGTTGTTTTCCACGGAGAGACCTTT 
GCCCCTGTGATGGCGTTATCGCCCTGGTTAGTCCCTGTCTCTGATA 
TGGTATCGGATATCGACTACGAGTGCTTACAACAAGGTATATTCC 
TAAGTTGCTCCTGTCCCTCCACAGAGTTATTAAGCCATCTCCAAA 
GCCTTTTGATTGCAGCACTGGAAGGCGAAGAAGTACTGTTTCGTT 
TTTATGATAGGCAGGTCATTGTGCCTATGCTTGAACGAATGGATG 
AAATAGAAAAAAATCAGTTCTTAGGTAAGATAAATCAGTTAGTC 
GTGTTCGATAGCCATGAGAAAAATCGGTTAGTCTCATTTACCAAT 
ACATCAGACGCTCAGTTTACGGCCAAAAAGACAACGTGGTGGGT 
GATCAAACGACACCATTTGGAGGCTCATGAGAATTTGCCTCTTGT 
TCAAGCTAACCTCGAATCTTGGCTATGGCGGCATTTTCCAAAAGT 
GATGAACGAGTACTTAATTCAAGGGCGTGATATCGCTTCCATGCT 
CGCTCCATCTCTCTCTGTTCCTGAACAAACCTTAACATATCGTGT 
GTTAAGTGCCGCTATCGTTGCTGTTGTCGGTGCCGAACAATTGA 
CTCAGCCTAGCATGATTGAATTTCTACGAGACTATAACAACGA 
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AGAAGCTCAGCTCGCTCTGCATGCTTTAACTCGTCAATTTGAAC 
TAAGGGGATAA 

No locus tag HC-33A2 ATGGCAACGCATTATTGCTTAGTGGAAAATGGAATGGAAAAGA 
TGCTTTTACAATGGTTGAGTGAACAGACATCAAACGTCTATTGG 
CTTGCTGATCATTTAACGTTTAAACAGGCGGTGGCGAATAACAG 
TGGAATTGTATTTGATGGTACACAAGTTGTTTTCCACGGAGAGA 
CCTTTGCCCCTGTGATGGCGTTATCGCCCTGGTTAGTCCCTGTCT 
CTGATATGGTATCGGATATCGACTACGAGTGCTTACAACAAGGT 
ATATTCCTAAGTTGCTCCTGTCCCTCCACAGAGTTATTAAGCCAT 
CTCCAAAGCCTTTTGATTGCAGCACTGGAAGGCGAAGAAGTACT 
GTTTCGTTTTTATGATAGGCAGGTCATTGTGCCTATGCTTGAACG 
AATGGATGAAATAGAAAAAAATCAGTTCTTAGGTAAGATAAATC 
AGTTAGTCGTGTTCGATAGCCATGAGAAAAATCGGTTAGTCTCAT 
TTACCAATACATCAGACGCTCAGTTTACGGCCAAAAAGACAACG 
TGGTGGGTGATCAAACGACACCATTTGGAGGCTCATGAGAATTT 
GCCTCTTGTTCAAGCTAACCTCGAATCTTGGCTATGGCGGCATTTT 
CCAAAAGTGATGAACGAGTACTTAATTCAAGGGCGTGATATCGC 
TTCCATGCTCGCTCCATCTCTCTCTGTTCCTGAACAAACCTTAACA 
TATCGTGTGTTAAGTGCCGCTATCGTTGCTGTTGTCGGTGCCGA 
ACAATTGACTCAGCCTAGCATGATTGAATTTCTACGAGACTA 
TAACAACGAAGAAGCTCAGCTCGCTCTGCATGCTTTAACTCG 
TCAATTTGAACTAAGGGGATAA 

VCHC38A1_1503 HC-38A1 - 
VCM66_1372 M66-2 - 
A53_01538 MAK757 - 
VCD002930 MJ-1236 - 
A5A_1699 MZO-2 - 
VC395_1536 O395 - 
VCCP104114_2232 CP1041 - 
VchoM_00682 MO10 - 
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List with locus tags and sequences for the analysis of the effector modules 

 

Locus tags of the effector-immunity pairs are shown in the same order than the strain 
names are listed in figure S1(Unterweger et al., 2014): 

 
Auxiliary cluster 1 

Strain name  (locus tag effector-encoding gene/ immunity protein-encoding gene) 
V52   (VCV52_1392/VCV52_1393) 
2010EL-1789 (Vch1786_I0917/Vch1786_I0918) 
2740-80  (VC274080_1493/VC274080_1494)  
BX330286  (VCF_000213/VCF_000212) 
C6706   (no locus tag available/no locus tag available) 
CIRS101  (VCH_002161/VCH_002162) 
CP1041  (VCCP104114_2233/VCCP104114_2234) 
HC-07A1  (VCHC7A1_02527/VCHC7A1_02528) 
HC-32A1  (VCHC32A1_1498/VCHC32A1_1499) 
HC-33A2 (VCHC33A2_1482/VCHC33A2_1483) 
HC-38A1  (VCHC38A1_1504/VCHC38A1_1505) 
M66-2  (VCM66_1373/VCM66_1374) 
MAK757  (A53_01539/A53_01540) 
MJ-1236  (VCD_002929/VCD_002928) 
MO-10  (VchoM_00683/VchoM_00684) 
N16961  (VC1418/VC1419) 
NIH41  (no locus tag available/protein_id="AHX36912.1") 
CA401  (protein_id="AHX36907.1"/protein_id="AHX36908.1") 
O395   (VC395_1537/VC395_1538) 
MZO-2  (A5A_1700/A5A_1701) 
LMA3984-4  (VCLMA_A1247/VCLMA_A1248) 
AM19226  (A33_1346/A33_1347) 
MZO-3  (A51_B1432/A51_B1433) 
12129(1)  (VCG_002607/VCG_002606) 
HE-25   (VCHE25_2421/VCHE25_2422) 
TMA21  (VCB_003441/VCB_003442) 
1587   (A55_1502/A55_1503) 
DL4215  (protein_id="AHX36901.1"/protein_id="AHX36902.1") 
TM11079-80  (VIF_002054/VIF_002055) 
V51   (VCV51_B0076/ VCV51_B0077) 
623-39  (A59_1448/A59_1449) 
Amazonia  (no locus tag available/no locus tag available) 
DL4211  (protein_id="AHM24037.1"/protein_id="AHM24038.1") 
HE-45   (VCHE45_1518/VCHE45_1519) 
HC-43B1  (VCHC43B1_1453/VCHC43B1_1454) 
HE-39   (VCHE39_2323/VCHE39_2324) 
VL426  (VCA_001062/VCA_001061) 



228 
 

 
 
Auxiliary cluster 2: 
V52   (VCV52_A0043/VCV52_A0044)   
2010EL-1789 (Vch1786_II0816/Vch1786_II0817) 
2740-80  (VC274080_A0056/VC274080_A0057) 
BX330286   (VCF_002023/VCF_002022)  
C6706   (no locus tag available/no locus tag available) 
CIRS101  (VCH_002522/VCH_002521) 
CP1041  (VCCP104114_1116/VCCP104114_1115) 
HC-07A1  (VCHC7A1_01128/VCHC7A1_01129)  
HC-32A1  (VCHC32A1_3612/ VCHC32A1_3613)  
HC-33A2 (VCHC33A2_3581/VCHC33A2_3582) 
HC-38A1  (VCHC38A1_2808/VCHC38A1_2809) 
M66-2  (VCM66_A0019/VCM66_A0020) 
MAK757  (A53_03634/A53_03635) 
MJ-1236  (VCD_000213/VCD_000212) 
MO-10  (VchoM_02434/VchoM_02435) 
N16961  (VCA0020/VCA0021) 
MZO-2  (no locus tag available/no locus tag available) 
NIH41  (protein_id="AHX36804.1"/protein_id="AHX36805.1") 
CA401  (protein_id="AHX36793.1"/protein_id="AHX36794.1") 
O395   (VC395_A0017/VC395_A0018) 
12129(1)  (VCG_001064/VCG_001063) 
HC-43B1  (VCHC43B1_2096/VCHC43B1_2097) 
LMA3984-4  (VCLMA_B0017/VCLMA_B0018) 
VL426  (VCA_000458/VCA_000457) 
TMA21  (VCB_002186/VCB_002187) 
Amazonia  (no locus tag available/no locus tag available) 
TM11079-80  (VIF_003265/VIF_003266) 
HE-45   (VCHE45_2803/VCHE45_2802) 
HE-39   (VCHE39_0208/VCHE39_0209) 
623-39  (A59_A0182/A59_A0183) 
1587   (A55_A0021/A55_A0022) 
V51   (VCV51_A0204/VCV51_A0205) 
AM19226  (A33_A0310/A33_A0311) 
HE-25   (VCHE25_0876/VCHE25_0877) 
MZO-3  (A51_C0018/A51_C0019) 
DL4215  (protein_id="AHX36786.1"/protein_id="AHX36787.1") 
DL4211  (protein_id="AHX36780.1"/protein_id="AHX36781.1") 
 
 
Large cluster: 
V52   (VCV52_A0139/VCV52_A0140) 
2010EL-1789 (Vch1786_II0916/Vch1786_II0917) 
2740-80  (VC274080_A0152/VC274080_A0153) 
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BX330286  (VCF_001931/not annotated) 
C6706   (no locus tag available/no locus tag available) 
CIRS101  (VCH_002428/not annotated) 
CP1041  (VCCP104114_1022/not annotated) 
HC-07A1  (VCHC7A1_01223/VCHC7A1_01224) 
HC-32A1  (VCHC32A1_3705/VCHC32A1_3706) 
HC-33A2 (VCHC33A2_3675/not annotated) 
HC-38A1  (VCHC38A1_2902/VCHC38A1_2903) 
M66-2  (VCM66_A0121/VCM66_A0122) 
MAK757  (A53_03730/A53_03731) 
MJ-1236  (VCD_000122/not annotated) 
MO-10  (VchoM_02536/VchoM_02537) 
N16961  (VCA0123/VCA0124) 
NIH41  (protein_id="AHX36893.1"/protein_id="AHX36894.1") 
CA401  (protein_id="AHX36872.1"/protein_id="AHX36873.1") 
O395   (VC0395_0014/VC0395_0013) 
VL426  (VCA_000362/not annotated) 
V51  (VCV51_A0278/not annotated) 
MZO-3  (A51_C0113/A51_C0114) 
HE-39  (VCV51_A0278/not annotated) 
MZO-2  (A5A_A0193/A5A_A0194) 
623-39  (A59_A0283/not annotated) 
1587   (A55_A0115/not annotated) 
12129(1) (VCG_000967/not annotated) 
DL4215 (protein_id="AHX36850.1"/protein_id="AHX36851.1")  
LMA3984-4 (VCLMA_B0110/not annotated) 
HC-43B1 (VCHC43B1_2186/not annotated) 
HE-45  (VCHE45_2712/not annotated) 
DL4211 (protein_id="AHX36826.1"/protein_id="AHX36827.1") 
AM19226 (A33_A0407/A33_A0408) 
TMA21 (VCB_002278/not annotated)  
HE-25  (VCHE25_0973/not annotated) 
Amazonia (no locus tag available/no locus tag available) 
TM11079-80 (VIF_003361/not annotated) 
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Sequences of the immunity proteins, which we used to group the effector modules into 
families: 

 
Auxiliary cluster 1 

>623-39 
MKKTLVILSLFLVNACTSNAASVPGEPWYVGVTMPSFYPVRVTQVYGVNNKED
WTVLIHNFMTFVSDSDVEYIRNRFPDYDGFGLPHALGITSRNQIGTGTNHLPDTL
YVYWVSLFDTKFYVTKYDIPDNVKQLSATEVGYTRSDGEFFESCYRTRFVFGLL
PNGQAKVWLSGCGETIYLTELAPDEILDRDSNGVKFDSYRKSSSFADVQQRAKD
AGVELEPIPWDKVNKVYSINEIKTLGE 

>1587 
MKRLFLILSIVLLSACSSNAASVPGKAWYVGVTMPSFYPVKITQIYGVNEKENWT
VLIHNIIPRMSDSDIEYIRNRFPEYDGFGLPHALGITSRNQIGIGTNHLPDTLYVHW
VSLFDNKFYVTKYDIPDNVKQLSATEVSYTRSDGAVFESCYRTRFVFGLLPNGRA
KVWLSDCGETIYLTELAPDQTPDRDSNGFKADTYKESSYISNIQQRAKDAGVELE
PIPWDKVNKVYSINEIKTLGE 

>2010EL-1786 
MKLLNNLAIKKLISVVVLFIALFFLGYDYYQTSQPNIWGDEPDESYITISGKKPIDA
YLEVWTHFWVTGDECEAYSYDLFGQKAHQGGKISQKITHDFAKDGSNFEFRIPY
QTYKNSQNCIVELRDFSIQAHNDFDTVGFAQLRFSPAGREYYNREVDLNSLITAD
NCNSDIFKSIRKEWAGAIGCHFYVDGKKKTKDEEFNAYTIYYDFSKFNNDTVIHY
DILAGENYRSEPLSSAQKTAVVSDDN 

>2740-80 
MKLLNNLAIKKLISVVVLFIALFFLGYDYYQTSQPNIWGDEPDESYITISGKKPIDA
YLEVWTHFWVTGDECEAYSYDLFGQKAHQGGKISQKITHDFAKDGSNFEFRIPY
QTYKNSQNCIVELRDFSIQAHNDFDTVGFAQLRFSPAGREYYNREVDLNSLITAD
NCNSDIFKSIRKEWAGAIGCHFYVDGKKKTKDEEFNAYTIYYDFSKFNNDTVIHY
DILAGENYRSEPLSSAQKTAVVSDDN 

>12129(1) 
MKRLFLILSIVLLSACSSNAASVPGKAWYVGVTMPSFYPVKITQIYGVNEKENWT
VLIHNIIPRMSDSDIEYIRNRFPEYDGFGLPHALGITSRNQIGIGTNHLPDTLYVHW
VSLFDNKFYVTKYDIPDNVKQLSATEVSYTRSDGAVFESCYRTRFVFGLLPNGRA
KVWLSDCGETIYLTELAPDQTPDRDSNGFKADTYKESSYIRNIQQRAKDAGVELE
PIPWDKVNKVYSINEIKTLGE 

>AM19226 
MKRLFLILSIVLLSACSSNAASVPGKAWYVGVTMPSFYPVKITQIYGVNEKENWT
VLIHNIIPRMSDSDIEYIRNRFPEYDGFGLPHALGITSRNQIGIGTNHLPDTLYVHW
VSLFDNKFYVTKYDIPDNVKQLSATEVSYTRSDGAVFESCYRTRFVFGLLPNGRA
KVWLSDCGETIYLTELAPDQTPDRDSNGFKADTYKESSYIRNIQQRAKDAGVELE
PIPWDKVNKVYSINEIKTLGE 
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>Amazonia 
MKKTLVILSLFLVNACTSNAASVPGEPWYVGVTMPSFYPVRVTQVYGVNNKED
WTVLIHNFMTFVSDSDVEYIRNRFPDYDGFGLPHALGITSRNQIGTGTNHLPDTL
YVYWVSLFDTKFYVTKYDIPDNVKQLSATEVGYTRSDGEFFESCYRTRFVFGLL
PNGQAKVWLSGCGETIYLTELAPDEILDRDSNGVKFDSYRKSSSFADVQQRAKD
AGVELEPIPWDKVNKVYSINEIKTLGE 

>BX_330286 
MKLLNNLAIKKLISVVVLFIALFFLGYDYYQTSQPNIWGDEPDESYITISGKKPIDA
YLEVWTHFWVTGDECEAYSYDLFGQKAHQGGKISQKITHDFAKDGSNFEFRIPY
QTYKNSQNCIVELRDFSIQAHNDFDTVGFAQLRFSPAGREYYNREVDLNSLITAD
NCNSDIFKSIRKEWAGAIGCHFYVDGKKKTKDEEFNAYTIYYDFSKFNNDTVIHY
DILAGENYRSEPLSSAQKTAVVSDDN 

>C6706_ 
MKLLNNLAIKKLISVVVLFIALFFLGYDYYQTSQPNIWGDEPDESYITISGKKPIDA
YLEVWTHFWVTGDECEAYSYDLFGQKAHQGGKISQKITHDFAKDGSNFEFRIPY
QTYKNSQNCIVELRDFSIQAHNDFDTVGFAQLRFSPAGREYYNREVDLNSLITAD
NCNSDIFKSIRKEWAGAIGCHFYVDGKKKTKDEEFNAYTIYYDFSKFNNDTVIHY
DILAGENYRSEPLSSAQKTAVVSDDN 

>CA401 
MKLLNNLAIKKLISVVVLFIALFFLGYDYYQTSQPNIWGDEPDESYITISGKKPIDA
YLEVWTHFWVTGDECEAYSYDLFGQKAHQGGKISQKITHDFAKDGSNFEFRIPY
QTYKNSQNCIVELRDFSIQAHNDFDTVGFAQLRFSPAGREYYNREVDLNSLFTAD
NCNSDIFKSIRKEWAGAIGCHFYVDGKKKTKDEEFNAYTIYYDFSKFNNDTVIHY
DILAGENYRSEPLSSAQKTAVVSDDN 

>CIRS101 
MKLLNNLAIKKLISVVVLFIALFFLGYDYYQTSQPNIWGDEPDESYITISGKKPIDA
YLEVWTHFWVTGDECEAYSYDLFGQKAHQGGKISQKITHDFAKDGSNFEFRIPY
QTYKNSQNCIVELRDFSIQAHNDFDTVGFAQLRFSPAGREYYNREVDLNSLITAD
NCNSDIFKSIRKEWAGAIGCHFYVDGKKKTKDEEFNAYTIYYDFSKFNNDTVIHY
DILAGENYRSEPLSSAQKTAVVSDDN 

>CP1041 
MKLLNNLAIKKLISVVVLFIALFFLGYDYYQTSQPNIWGDEPDESYITISGKKPIDA
YLEVWTHFWVTGDECEAYSYDLFGQKAHQGGKISQKITHDFAKDGSNFEFRIPY
QTYKNSQNCIVELRDFSIQAHNDFDTVGFAQLRFSPAGREYYNREVDLNSLITAD
NCNSDIFKSIRKEWAGAIGCHFYVDGKKKTKDEEFNAYTIYYDFSKFNNDTVIHY
DILAGENYRSEPLSSAQKTAVVSDDN 

>DL4211 
MILECLRCGTKKQAAIKELAIRASKENKMKKLFFLLLVLLVGSCSTNAAYETEQP
WTWRVGVTMPSFYPVNVTRVYGVNNKEDWTVLIHNFMTFVSDSDISYIRQIFPD
YDGFGLPHALGITSRSQIGVGTTQLPDTLYMYWVSLFDTKFYVTKYEIPDNVKQL
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VATKTTYTKWNGFIVDPCYRAEFIFGLLPNGQAKVWLDGCGETIYLTELAPDQIL
DRDSNGVKFDSYRKSSSFADVQQRAKDAGVELEPIPWDKVNKVYSRYEIKTLGE 

>DL4215 
MKRLFLILSIVLLSACSSNAASVPGKAWYVGVTMPSFYPVKITQIYGVNEKENWT
VLIHNIIPRMSDSDIEYIRNRFPKYDGFGLPHALGITSRNQIGIGTNHLPDTLYVHW
VSLFDNKFYVTKYDIPDNVKQLSATEVSYTRSDGAVFESCYRTRFVFGLLPNGRA
KVWLSDCGETIYLTELAPDQTPDRDSNGFKADTYKESSYIRNIQQRAKDAGVELE
PIPWDKVNKVYSINEIKTLGE 

>HC-07A1 
MKLLNNLAIKKLISVVVLFIALFFLGYDYYQTSQPNIWGDEPDESYITISGKKPIDA
YLEVWTHFWVTGDECEAYSYDLFGQKAHQGGKISQKITHDFAKDGSNFEFRIPY
QTYKNSQNCIVELRDFSIQAHNDFDTVGFAQLRFSPAGREYYNREVDLNSLITAD
NCNSDIFKSIRKEWAGAIGCHFYVDGKKKTKDEEFNAYTIYYDFSKFNNDTVIHY
DILAGENYRSEPLSSAQKTAVVSDDN 

>HC-32A1 
MKLLNNLAIKKLISVVVLFIALFFLGYDYYQTSQPNIWGDEPDESYITISGKKPIDA
YLEVWTHFWVTGDECEAYSYDLFGQKAHQGGKISQKITHDFAKDGSNFEFRIPY
QTYKNSQNCIVELRDFSIQAHNDFDTVGFAQLRFSPAGREYYNREVDLNSLITAD
NCNSDIFKSIRKEWAGAIGCHFYVDGKKKTKDEEFNAYTIYYDFSKFNNDTVIHY
DILAGENYRSEPLSSAQKTAVVSDDN 

>HC-33A2 
MKLLNNLAIKKLISVVVLFIALFFLGYDYYQTSQPNIWGDEPDESYITISGKKPIDA
YLEVWTHFWVTGDECEAYSYDLFGQKAHQGGKISQKITHDFAKDGSNFEFRIPY
QTYKNSQNCIVELRDFSIQAHNDFDTVGFAQLRFSPAGREYYNREVDLNSLITAD
NCNSDIFKSIRKEWAGAIGCHFYVDGKKKTKDEEFNAYTIYYDFSKFNNDTVIHY
DILAGENYRSEPLSSAQKTAVVSDDN 

>HC-38A1 
MKLLNNLAIKKLISVVVLFIALFFLGYDYYQTSQPNIWGDEPDESYITISGKKPIDA
YLEVWTHFWVTGDECEAYSYDLFGQKAHQGGKISQKITHDFAKDGSNFEFRIPY
QTYKNSQNCIVELRDFSIQAHNDFDTVGFAQLRFSPAGREYYNREVDLNSLITAD
NCNSDIFKSIRKEWAGAIGCHFYVDGKKKTKDEEFNAYTIYYDFSKFNNDTVIHY
DILAGENYRSEPLSSAQKTAVVSDDN 

>HC-43B1 
MILECRRCGTKKQAAIKELAISASKENKMKKLFFLLLVLLVGSCSTNAAYETEQP
WTWRVGVTMPSFYPVNVTRVYGVNNKEDWTVLIHNFMTFVSDSDISYIRQIFPD
YDGFGLPHALGITSRSQIGVGTTQLPDTLYMYWVSLFDTKFYVTKYEIPDNVKQL
VATKKTYTKWNGFIVDPCYRAEFIFGLLPNGQAKVWLSGCGETIYLTELAPDQIL
DRDSNGVKFDSYRKSSSFADVQQRAKDAGVELEPIPWDKVNKVYSRYEIKTLGE 

>HE-25 
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MATHYCLVENGMEKMLLQWLSEQTSNVYWLADHSTFKQAVANNSGIVFDGTQ
VVFHGETFAPVMALSPWLVPVSDMVSDIDYECLQQGIFLSCSCPSTELLSHLQSL
LIAALEGEEVLFRFYDRQVIVPMLDAMRDLERNDFLGPVEKLAAVKQGVFQEW
GNTRSFEFIYQPAPWWKIQPYHLMPLYRTEVHAQVLERRFWEKLPYVMEQLDEP
QQWIKTILDEAKQANLGHDNAEYLVLNHLWKGSLTTLEQMSDDLHLNQQELQE
IMQIREKLA 

>HE-39 
MILECRRCGTKKQAAIKELAISASKENKMKKLFFLLLVLLVGSCSTNAAYETEQP
WTWRVGVTMPSFYPVNVTRVYGVNNKEDWTVLIHNFMTFVSDSDISYIRQIFPD
YDGFGLPHALGITSRSQIGVGTTQLPDTLYMYWVSLFDTKFYVTKYEIPDNVKQL
VATKKTYTKWNGFIVDPCYRAEFIFGLLPNGQAKVWLSGCGETIYLTELAPDQIL
DRDSNGVKFDSYRKSSSFADVQQRAKDAGVELEPIPWDKVNKVYSRYEIKTLGE 

>HE-45 
MILECRRCGTKKQAAIKELAISASKENKMKKLFFLLLVLLVGSCSTNAAYETEQP
WTWRVGVTMPSFYPVNVTRVYGVNNKEDWTVLIHNFMTFVSDSDISYIRQIFPD
YDGFGLPHALGITSRSQIGVGTTQLPDTLYMYWVSLFDTKFYVTKYEIPDNVKQL
VATKKTYTKWNGFIVDPCYRAEFIFGLLPNGQAKVWLSGCGETIYLTELAPDQIL
DRDSNGVKFDSYRKSSSFADVQQRAKDAGVELEPIPWDKVNKVYSRYEIKTLGE 

>LMA3984-4 
MVIQNFEAFLIAITILTLTPGLDTALVIRNTSRAGFADGCTTSLGICFGLFVHATFS
AIGISAILAQSAELFQIVKMVGAAYLIWLGISSLRSLMKTGQGIEVASLAHAQFRL
TRSLREGFLSNVLNPKTAVFYLAFLPQFINPDYSPLAQSLLMALIHFAIAMVWQC
GLAGALSSAKNLLKNASFMRWMEGTTGVVLVALGIKLLLEKPQA 
>M66-2 

MKLLNNLAIKKLISVVVLFIALFFLGYDYYQTSQPNIWGDEPDESYITISGKKPIDA
YLEVWTHFWVTGDECEAYSYDLFGQKAHQGGKISQKITHDFAKDGSNFEFRIPY
QTYKNSQNCIVELRDFSIQAHNDFDTVGFAQLRFSPAGREYYNREVDLNSLITAD
NCNSDIFKSIRKEWAGAIGCHFYVDGKKKTKDEEFNAYTIYYDFSKFNNDTVIHY
DILAGENYRSEPLSSAQKTAVVSDDN 
>MAK_757 

MKLLNNLAIKKLISVVVLFIALFFLGYDYYQTSQPNIWGDEPDESYITISGKKPIDA
YLEVWTHFWVTGDECEAYSYDLFGQKAHQGGKISQKITHDFAKDGSNFEFRIPY
QTYKNSQNCIVELRDFSIQAHNDFDTVGFAQLRFSPAGREYYNREVDLNSLITAD
NCNSDIFKSIRKEWAGAIGCHFYVDGKKKTKDEEFNAYTIYYDFSKFNNDTVIHY
DILAGENYRSEPLSSAQKTAVVSDDN 
>MJ-1236 

MKLLNNLAIKKLISVVVLFIALFFLGYDYYQTSQPNIWGDEPDESYITISGKKPIDA
YLEVWTHFWVTGDECEAYSYDLFGQKAHQGGKISQKITHDFAKDGSNFEFRIPY
QTYKNSQNCIVELRDFSIQAHNDFDTVGFAQLRFSPAGREYYNREVDLNSLITAD
NCNSDIFKSIRKEWAGAIGCHFYVDGKKKTKDEEFNAYTIYYDFSKFNNDTVIHY
DILAGENYRSEPLSSAQKTAVVSDDN 
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>MO-10 
MKLLNNLAIKKLISVVVLFIALFFLGYDYYQTSQPNIWGDEPDESYITISGKKPIDA
YLEVWTHFWVTGDECEAYSYDLFGQKAHQGGKISQKITHDFAKDGSNFEFRIPY
QTYKNSQNCIVELRDFSIQAHNDFDTVGFAQLRFSPAGREYYNREVDLNSLITAD
NCNSDIFKSIRKEWAGAIGCHFYVDGKKKTKDEEFNAYTIYYDFSKFNNDTVIHY
DILAGENYRSEPLSSAQKTAVVSDDN 

>MZO-2 
MKLFNNLAIKKLISVVVLFIALFFLGYDYYQTSQPNIWGDEPDESYITISGKKPIDA
YLEVWTHFWVTGDECEAYSYDLFGQKAHQGGKISQKITHDFAKDGSNFEFRIPY
QTYKNSQNCIVELRDFSIQAHNDFDTVGFAQLRFSPAGREYYNREVDLNSLITAD
NCNSDIFKSIRKEWAGAIGCHFYVDGKKKTKDEEFNAYTIYYDFSKFNNDTVIHY
DILAGENYRSEPLSSAQKTAVVSDDN 

>MZO-3 
MKRLFLILSIVLLSACSSNAASVPGKAWYVGVTMPSFYPVKITQIYGVNEKENWT
VLIHNIIPRMSDSDIEYIRNRFPEYDGFGLPHALGITSRNQIGIGTNHLPDTLYVHW
VSLFDNKFYVTKYDIPDNVKQLSATEVSYTRSDGAVFESCYRTRFVFGLLPNGRA
KVWLSDCGETIYLTELAPDQTPDRDSNGFKADTYKESSYIRNIQQRAKDAGVELE
PIPWDKVNKVYSINEIKTLGE 

>N16961 
MKLLNNLAIKKLISVVVLFIALFFLGYDYYQTSQPNIWGDEPDESYITISGKKPIDA
YLEVWTHFWVTGDECEAYSYDLFGQKAHQGGKISQKITHDFAKDGSNFEFRIPY
QTYKNSQNCIVELRDFSIQAHNDFDTVGFAQLRFSPAGREYYNREVDLNSLITAD
NCNSDIFKSIRKEWAGAIGCHFYVDGKKKTKDEEFNAYTIYYDFSKFNNDTVIHY
DILAGENYRSEPLSSAQKTAVVSDDN 

>NIH41 
MKLLNNLAIKKLISVVVLFIALFFLGYDYYQTSQPNIWGDEPDESYITISGKKPIDA
YLEVWTHFWVTGDECEAYSYDLFGQKAHQGGKISQKITHDFAKDGSNFEFRIPY
QTYKNSQNCIVELRDFSIQAHNDFDTVGFAQLRFSPAGREYYNREVDLNSLITAD
NCNSDIFKSIRKEWAGAIGCHFYVDGKKKTKDEEFNAYTIYYDFSKFNNDTVIHY
DILAGENYRSEPLSSAQKTAVVSDDN 

>O395 
MKLLNNLAIKKLISVVVLFIALFFLGYDYYQTSQPNIWGDEPDESYITISGKKPIDA
YLEVWTHFWVTGDECEAYSYDLFGQKAHQGGKISQKITHDFAKDGSNFEFRIPY
QTYKNSQNCIVELRDFSIQAHNDFDTVGFAQLRFSPAGREYYNREVDLNSLFTAD
NCNSDIFKSIRKEWAGAIGCHFYVDGKKKTKDEEFNAYTIYYDFSKFNNDTVIHY
DILAGENYRSEPLSSAQKTAVVSDDN 

>TM11079-80 
MKKTLVILSLFLVNACTSNAASVPGEPWYVGVTMPSFYPVRVTQVYGVNNKED
WTVLIHNFMTFVSDSDVEYIRNRFPDYDGFGLPHALGITSRNQIGTGTNHLPDTL
YVYWVSLFDTKFYVTKYDIPDNVKQLSATEVGYTRSDGEFFESCYRTRFVFGLL
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PNGQAKVWLSGCGETIYLTELAPDEILDRDSNGVKFDSYRKSSSFADVQQRAKD
AGVELEPIPWDKVNKVYSINEIKTLGE 

>TMA21 
MKRLFLILSIVLLSACSSNAASFPGKAWYVGVTMPSFYPVKITQIYGVNEKENWT
VLIHNIIPRMSDSDIEYIRNRFPEYDGFGLPHALGITSRNQIGIGTNHLPDTLYVHW
VSLFDNKFYVTKYDIPDNVKQLSATEVSYTRSDGAVFESCYRTRFVFGLLPNGRA
KVWLSDCGETIYLTELAPDQTPDRDSNGFKADTYKESSYISNIQQRAKDAGVELE
PIPWDKVNKVYSINEIKTLGE 

>V51 
MKKTLVILSLFLVNACTSNAASVPGEPWYVGVTMPSFYPVRVTQVYGVNNKED
WTVLIHNFMTFVSDSDVEYIRNRFPDYDGFGLPHALGITSRNQIGTGTNHLPDTL
YVYWVSLFDTKFYVTKYDIPDNVKQLSATEVGYTRSDGEFFESCYRTRFVFGLL
PNGQAKVWLSGCGETIYLTELAPDEILDRDSNGVKFDSYRKSSSFADVQQRAKD
AGVELEPIPWDKVNKVYSINEIKTLGE 

>V52 
MKLLNNLAIKKLISVVVLFIALFFLGYDYYQTSQPNIWGDEPDESYITISGKKPIDA
YLEVWTHFWVTGDECEAYSYDLFGQKAHQGGKISQKITHDFAKDGSNFEFRIPY
QTYKNSQNCIVELRDFSIQAHNDFDTVGFAQLRFSPAGREYYNREVDLNSLITAD
NCNSDIFKSIRKEWAGAIGCHFYVDGKKKTKDEEFNAYTIYYDFSKFNNDTVIHY
DILAGENYRSEPLSSAQKTAVVSDDN 

>VL426 
MILECLRCGTKKKIVIKELAIRASKENKMKKMILLLSVLLLNSCSTNAEYKTEQP
WAWSISVTMPSFYPANVTQVYGVNDKENWTALLHGYLHTMRNSELKRIQERFT
EYDGFGLSLLNTTMGVQIGTGTTHLPDTLYLYWVSLFDTKFYVTKYELPTSVKQ
LIATKTTYTRRDGAIVDSCYRAEFIFGLLPNGQAKVWLDGCGETIYLTELAPDQIL
DRDSNGVKFDSYRKSSSFADVQQRAKDAGVELEPIPWDKVNKVYSINEIKTLGE 

 
Auxiliary cluster 2: 

>623-39 
MKPYPNRLTRFVLLLSIVVGLMACKPNPQDDIALFQPFITENINKKSADPYISSTV
KPGDKMYEILVNIQHGRHDIASSKLQSLIEGNDSDAMVWYAKLIYRASVNNRPK
ALSLYQKAMDDGNPYAYIMLSPGLISSGCVSYFGEKNCTLEHFNKAIELFKPLAA
QGDLRAQYFLLQQQELDKSKETRAQYIQEVIRFSQAHYYQPLMDYVNTILTRPQ
GKDKYEARTTEQYNLAIDLLTIAANNNYIPAINKLSFLLEDTAQEESERLINLSLK
LGSTSTVKYKYHRSNRGSEEKYFYNALYKGLSGEYSFDVHTLNDEEKAKVNEK
VKLFMKDITPMVYIDGFTSRDDWVD 

>1587 
MKPYPNRLTHFVLLLSIVVGLMACKPNPQDDIALFQPFITENINKKSADPYISSTV
KPGDKMYEILVNIQHGRHDIASSKLQSLIEGNDSDAMVWYAKLIYRASVNNRPK
ALSLYQKAMDDGNPYAYIMLSPGLISSGCVSYFGEKNCTLEHFNKAIELFKPLAA
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QGDLRAQYFLLQQQELDKSKETRAQYIQEVIRFSQAHYYQPLMDYVNTILTRPQ
GKDKYEARTTEQYNLAIDLLTIAANNNYIPAINKLSFLLEDTAQEESERLINLSLK
LGSTSTVKYKYHRSNRGSEEKYFYNALYKGLSGEYSFDVHTLNDEEKAKVNEK
VKLFMKDITPMVYIDGFTSRDDWVD 

>2010EL-1786 
MLIDKNELEQLKVKLHSSEVIYQWDSVAYGERRSEIFRVFGAISAGIVPLWPFIFF
ADIQFNSKEFWGFICFSLAGMAAARYLFMPDHRYCYSLTQAGIYYTDQEVIPDA
AYTFVRGFAWVGIAVCLLALAVVGPLAFVGAGGFALLAFGLTNFHPTVHKKEV
YFADQLIVFDPIKEKMVDLNTDSTDEPWFDRRLFFSSLDEKTHFIELVKSIHNNVD
YLPLQRVNDQYKHPIFNQELKEE 

>2740-80 
MLIDKNELEQLKVKLHSSEVIYQWDSVAYGERRSEIFRVFGAISAGIVPLWPFIFF
ADIQFNSKEFWGFICFSLAGMAAARYLFMPDHRYCYSLTQAGIYYTDQEVIPDA
AYTFVRGFAWVGIAVCLLALAVVGPLAFVGAGGFALLAFGLTNFHPTVHKKEV
YFADQLIVFDPIKEKMVDLNTDSTDEPWFDRRLFFSSLDEKTHFIELVKSIHNNVD
YLPLQRVNDQYKHPIFNQELKEE 

>12129(1) 
MLIDKNELEQLKVKLHSSEVIYQWDSVAYGERRSEIFRVFGAISAGIVPLWPFIFF
ADIQFNSKEFWGFICFSLAGMAAARYLFMPDHRYCYSLTQAGIYYTDQEVIPDA
AYTFVRGFAWVGIAVCLLALAVVGPLAFVGAGGFALLAFGLTNFHPTVHKKEV
YFADQLIVFDPIKEKMVDLNTDSTDEPWFDRRLFFSSLDEKTHFIELVKSIHNNVD
YLPLQRVNDQYKHPIFNQELKEE 

>AM-19226 
MKPYPNRITRFVMLLSIMIGLVACKPNPEDDIALFQPFITENINKKSDDPYISSTVK
PGDKMYDILVNIQHGKWDVAEGGLLSLIDEGNPDAMLWYALMLLLDNNKRRE
VTNLIFKSLTSGNPYAALAIAKNSHACAYLGSGSLDSQVVQSLGISDPNSARLCT
DNNFKKAIELFKPLAAQGDLRAQYFLLQQQELEKSKETRAQYIQEVIRFSQAHYY
QPLMDYVSTILTRPQDKFKYEAKTPELYQLAIQLLTVAANNNYIPAIEFLVRQDS
DLKSNDDLYLKLKTLGGTHFYKTRFFEFKNEFNNRQLYCYATLYEAITGSDKFFI
GIENEENITADCNIEESMKEMTPMVYIDGFTSRDKWVD 

>Amazonia 
MIMAYNSEQLTLQPPKEAQGFLRSVLTKGQIFPFTKANETIALSLAGEITPSYIKET
EKEDKLSYWDENSLESETFSNWTQLYLFIVGLAKVALFFFLPLLYLIMISAMLFGP
YGWKDWAGDFGTVTLYTTLPCLLIYGHFKLVSAGHLFLAPFLKSKRVYSLNRQT
GMVTLFKKGNKERFSHPFIEFDCVLMSAPSPQGNLNYNLMLVHRYHDYSVGVPI
GNLIGSNEMVAEYYRLWNMIQRYMDISQPMPDILVLEPARERDPTTAAYDKQTG
RNPRYWRDMSDEEYQQTLKKIADKQKNQPDSGPVLNVFSLS 
>BX_330286 

MLIDKNELEQLKVKLHSSEVIYQWDSVAYGERRSEIFRVFGAISAGIVPLWPFIFF
ADIQFNSKEFWGFICFSLAGMAAARYLFMPDHRYCYSLTQAGIYYTDQEVIPDA
AYTFVRGFAWVGIAVCLLALAVVGPLAFVGAGGFALLAFGLTNFHPTVHKKEV
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YFADQLIVFDPIKEKMVDLNTDSTDEPWFDRRLFFSSLDEKTHFIELVKSIHNNVD
YLPLQRVNDQYKHPIFNQELKEE 

>C6706 
MLIDKNELEQLKVKLHSSEVIYQWDSVAYGERRSEIFRVFGAISAGIVPLWPFIFF
ADIQFNSKEFWGFICFSLAGMAAARYLFMPDHRYCYSLTQAGIYYTDQEVIPDA
AYTFVRGFAWVGIAVCLLALAVVGPLAFVGAGGFALLAFGLTNFHPTVHKKEV
YFADQLIVFDPIKEKMVDLNTDSTDEPWFDRRLFFSSLDEKTHFIELVKSIHNNVD
YLPLQRVNDQYKHPIFNQELKEE 

>CA401 
MLIDKNELEQLKVKLHSSEVIYQWDSVAYGERRSEIFRVFGAISAGIVPLWPFIFF
ADIQFNSKEFWGFICFSLAGMAAARYLFMPDHRYCYSLTQAGIYYTDQEVIPDA
AYTFVRGFAWVGIAVCLLALAVVGPLAFVGAGGFALLAFGLTNFHPTVHKKEV
YFADQLIVFDPIKEKMVDLNTDSTDEPWFDRRLFFSSLDEKTHFIELVKSIHNNVD
YLPLQRVNDQYKHPIFNQELKEE 

>CIRS101 
MLIDKNELEQLKVKLHSSEVIYQWDSVAYGERRSEIFRVFGAISAGIVPLWPFIFF
ADIQFNSKEFWGFICFSLAGMAAARYLFMPDHRYCYSLTQAGIYYTDQEVIPDA
AYTFVRGFAWVGIAVCLLALAVVGPLAFVGAGGFALLAFGLTNFHPTVHKKEV
YFADQLIVFDPIKEKMVDLNTDSTDEPWFDRRLFFSSLDEKTHFIELVKSIHNNVD
YLPLQRVNDQYKHPIFNQELKEE 

>CP1041 
MLIDKNELEQLKVKLHSSEVIYQWDSVAYGERRSEIFRVFGAISAGIVPLWPFIFF
ADIQFNSKEFWGFICFSLAGMAAARYLFMPDHRYCYSLTQAGIYYTDQEVIPDA
AYTFVRGFAWVGIAVCLLALAVVGPLAFVGAGGFALLAFGLTNFHPTVHKKEV
YFADQLIVFDPIKEKMVDLNTDSTDEPWFDRRLFFSSLDEKTHFIELVKSIHNNVD
YLPLQRVNDQYKHPIFNQELKEE 

>DL4211 
MVTREINMKKIIVICLMLLHSAAWAMESVEQGIRLFNQKEYQQAQQIFQQQSDA
GSAYATFWLGVAQYKNRQHFEAGQTFLQAAEMGDPWAMGVLSEYEYYVNHP
CGYLGWPCDKKWYDLAIKGWKKEAEKGNGKALLQLQFFTNQWRNYIPFLGRY
LIDKKYIEAFELGSLNAVLYVSRFSNISVEDEIKYLKLAANQGYAPAMETLYYRM
NTIGYDEAMKWINKAIELGYAEAARTLLLSYTLGEKDRDGNIIMPPDPKKAYYY
SRLTEALGGPKQDNSLILYRNVIKDGLPVSDENGEAVLEILVTEQEQADMDKQV
AEFVKDIKPNLFLDETSIDLF 

>DL4215 
MVTREISMKKFIVICLMLLHSAVWANTPIEQGIRLFNQKEYQQAQQIFQQQSDVG
SAYATFWLGVTQYKNRQHFEAGDTFLKAAEMGDPWAMGVLGDVNLYANNPC
KFLGWPCDEKWLTKAKQGWKVLAENGNGKAAFALKINQREWWEYIPFYRQSR
YQEIVSKAIPNGGYKFLDYNTYWDSSEAKLPYLKLAANQGYAPAMETLYYRMD
TIGYDEAMKWINKAIELGYAEAARTLYLAYRVGEKDRDGNVILQPDPKKAYFY
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NRLTGALGGEEKLAHLITQEPVHDDDGIPLADENGEPVFEILVTEQEQAEMDKQV
AEFVKDIKPNLFLDETSIDLF 

>HC-07A1 
MLIDKNELEQLKVKLHSSEVIYQWDSVAYGERRSEIFRVFGAISAGIVPLWPFIFF
ADIQFNSKEFWGFICFSLAGMAAARYLFMPDHRYCYSLTQAGIYYTDQEVIPDA
AYTFVRGFAWVGIAVCLLALAVVGPLAFVGAGGFALLAFGLTNFHPTVHKKEV
YFADQLIVFDPIKEKMVDLNTDSTDEPWFDRRLFFSSLDEKTHFIELVKSIHNNVD
YLPLQRVNDQYKHPIFNQELKEE 

>HC-32A1 
MLIDKNELEQLKVKLHSSEVIYQWDSVAYGERRSEIFRVFGAISAGIVPLWPFIFF
ADIQFNSKEFWGFICFSLAGMAAARYLFMPDHRYCYSLTQAGIYYTDQEVIPDA
AYTFVRGFAWVGIAVCLLALAVVGPLAFVGAGGFALLAFGLTNFHPTVHKKEV
YFADQLIVFDPIKEKMVDLNTDSTDEPWFDRRLFFSSLDEKTHFIELVKSIHNNVD
YLPLQRVNDQYKHPIFNQELKEE 

>HC-33A2 
MLIDKNELEQLKVKLHSSEVIYQWDSVAYGERRSEIFRVFGAISAGIVPLWPFIFF
ADIQFNSKEFWGFICFSLAGMAAARYLFMPDHRYCYSLTQAGIYYTDQEVIPDA
AYTFVRGFAWVGIAVCLLALAVVGPLAFVGAGGFALLAFGLTNFHPTVHKKEV
YFADQLIVFDPIKEKMVDLNTDSTDEPWFDRRLFFSSLDEKTHFIELVKSIHNNVD
YLPLQRVNDQYKHPIFNQELKEE 

>HC-38A1 
MLIDKNELEQLKVKLHSSEVIYQWDSVAYGERRSEIFRVFGAISAGIVPLWPFIFF
ADIQFNSKEFWGFICFSLAGMAAARYLFMPDHRYCYSLTQAGIYYTDQEVIPDA
AYTFVRGFAWVGIAVCLLALAVVGPLAFVGAGGFALLAFGLTNFHPTVHKKEV
YFADQLIVFDPIKEKMVDLNTDSTDEPWFDRRLFFSSLDEKTHFIELVKSIHNNVD
YLPLQRVNDQYKHPIFNQELKEE 

>HC-43B1 
MLIDKDELEQLKANLHSSEVLYQWECVAFSERRGDIARWIIAVIAGFLLPSLFLVF
GDIAFNSTEFWGFISFGLAGMSAGRYLLMPDHRYCYSLTQAGIYYTDQEVIPDAA
YTFVRGFAWVGIAVCLLALAVVGPLAFVGAGGFALLAFGLTNFHPTVHQKDVY
FADQLILFDPIKEKMVKLNSESRRHPRFSRTLFFSSFDEKTRFIELVKSIHNNVDYL
PLQRVNDQYKHPIFNQELKEE 

>HE-25 
MKPYPNRIARFVLLLSIVVGLMACKPNPQDDISLFQPFITENINKKSADPYISSTVK
PGDKMYDILVNIQHGDTKPAYEKLMVLVDKNDYEAQFWVAKMIYQASSQSIAR
AINLYKQSSNQGNPYAYYELSPLGKGCLAYFGKKTCTDENLNKAIELFKPLAAQ
GDLRAQYFLLQQQELDKSKETRAQYIHELIRFSKNHYYQPLMDYVNTILTRPQG
KFKYEAKTPELYQLAIQLLTVAANNNYIPAIEFLVRQDSDLKSNDDLYLKLKTLG
GTHFYKTRFFEFKNEFNNRQLYCYATLYEAITGSDKFFIGIENEENIAADCNIEDS
MKEMTPMVYIDGFTSRDDWVD 

>HE-39 
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MKPYPNRLTRFVLLLSIVVGLMACKPNPQDDIALFQPFITENINKKSADPYISSTV
KPGDKMYEILVNIQHGRHDIASSKLQSLIEGNDSDAMVWYAKLIYRASVNNRPK
ALSLYQKAMDDGNPYAYIMLSPGLISSGCVSYFGEKNCTLEHFNKAIELFKPLAA
QGDLRAQYFLLQQQELDKSKETRAQYIQEVIRFSQAHYYQPLMDYVNTILTRPQ
GKDKYEARTTEQYNLAIDLLTIAANNNYIPAINKLSFLLEDTAQEESERLINLSLK
LGSTSTVKYKYHRSNRGSEEKYFYNALYKGLSGEYSFDVHTLNDEEKAKVNEK
VKLFMKDITPMVYIDGFTSRDDWVD 
>HE-45 

MIMAYNSEQLTLQPPKEAQGFLRSVLTKGQIFPFTKANETIALSLAGEITPSYIKET
EKEDKLSYWDENSLESETFSNWTQLYLFIVGLAKVALFFFLPLLYLIMISAMLFGP
YGWKDWAGDFGTVTLYTTLPCLLIYGHFKLVSAGHLFLAPFLKSKRVYSLNRQT
GMVTLFKKGNKERFSHPFIEFDCVLMSAPSPQGNLNYNLMLVHRYHDYSVGVPI
GNLIGSNEMVAEYYRLWNMIQRYMDISQPMPDILVLEPARERDPTTAAYDKQTG
RNPRYWRDMSDEEYQQTLKKIADKQKNQPDSGPVLNVFSLS 

>LMA3984-4 
MLIDKDELEQLKANLHSSEVLYQWECVAFSERRGDIARWIIAVIAGFLLPSLFLVF
GDIAFNSTEFWGFISFGLAGMSAGRYLLMPDHRYCYSLTQAGVHYTDQEVIPDA
AYTFVRGFAWVGIAVCLLALAVVGPLAFVGAGGFALLAFGLTNFRPTVKHEDV
YFAEQLILFDPIKEKMVDFEH 
>M66-2 

MLIDKNELEQLKVKLHSSEVIYQWDSVAYGERRSEIFRVFGAISAGIVPLWPFIFF
ADIQFNSKEFWGFICFSLAGMAAARYLFMPDHRYCYSLTQAGIYYTDQEVIPDA
AYTFVRGFAWVGIAVCLLALAVVGPLAFVGAGGFALLAFGLTNFHPTVHKKEV
YFADQLIVFDPIKEKMVDLNTDSTDEPWFDRRLFFSSLDEKTHFIELVKSIHNNVD
YLPLQRVNDQYKHPIFNQELKEE 
>MAK_757 

MLIDKNELEQLKVKLHSSEVIYQWDSVAYGERRSEIFRVFGAISAGIVPLWPFIFF
ADIQFNSKEFWGFICFSLAGMAAARYLFMPDHRYCYSLTQAGIYYTDQEVIPDA
AYTFVRGFAWVGIAVCLLALAVVGPLAFVGAGGFALLAFGLTNFHPTVHKKEV
YFADQLIVFDPIKEKMVDLNTDSTDEPWFDRRLFFSSLDEKTHFIELVKSIHNNVD
YLPLQRVNDQYKHPIFNQELKEE 
>MJ-1236 

MLIDKNELEQLKVKLHSSEVIYQWDSVAYGERRSEIFRVFGAISAGIVPLWPFIFF
ADIQFNSKEFWGFICFSLAGMAAARYLFMPDHRYCYSLTQAGIYYTDQEVIPDA
AYTFVRGFAWVGIAVCLLALAVVGPLAFVGAGGFALLAFGLTNFHPTVHKKEV
YFADQLIVFDPIKEKMVDLNTDSTDEPWFDRRLFFSSLDEKTHFIELVKSIHNNVD
YLPLQRVNDQYKHPIFNQELKEE 
>MO-10 

MLIDKNELEQLKVKLHSSEVIYQWDSVAYGERRSEIFRVFGAISAGIVPLWPFIFF
ADIQFNSKEFWGFICFSLAGMAAARYLFMPDHRYCYSLTQAGIYYTDQEVIPDA
AYTFVRGFAWVGIAVCLLALAVVGPLAFVGAGGFALLAFGLTNFHPTVHKKEV
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YFADQLIVFDPIKEKMVDLNTDSTDEPWFDRRLFFSSLDEKTHFIELVKSIHNNVD
YLPLQRVNDQYKHPIFNQELKEE 

>MZO-2 
MLIDKNELEQLKVKLHSSEVIYQWDSVAYGERRSEIFRVFGAISAGIVPLWPFIFF
ADIQFNSKEFWGFICFSLAGMAAARYLFMPDHRYCYSLTQAGIYYTDQEVIPDA
AYTFVRGFAWVGIAVCLLALAVVGPLAFVGAGGFALLAFGLTNFHPTVHKKEV
YFADQLIVFDPIKEKMVDLNTDSTDEPWFDRRLFFSSLDEKTHFIELVKSIHNNVD
YLPLQRVNDQYKHPIFNQELKEE 

>MZO-3 
MVTREISMKKFIVICLMLLHSAVWANTPIEQGIRLFNQKEYQQAQQIFQQQSDVG
SAYATFWLGVTQYKNRQHFEAGDTFLKAAEMGDPWAMGVLGDVNLYANNPC
KFLGWPCDEKWLTKAKQGWKVLAENGNGKAAFALKINQREWWEYIPFYRQSR
YQEIVSKAIPNGGYKFLDYNTYWDSSEAKLPYLKLAANQGYAPAMETLYYRMD
TIGYDEAMKWINKAIELGYAEAARTLYLAYRVGEKDRDGNVILQPDPKKAYFY
NRLTGALGGEEKLAHLITQEPVHDDDGIPLADENGEPVFEILVTEQEQAEMDKQV
AEFVKDIKPNLFLDETSIDLF 

>N16961 
MLIDKNELEQLKVKLHSSEVIYQWDSVAYGERRSEIFRVFGAISAGIVPLWPFIFF
ADIQFNSKEFWGFICFSLAGMAAARYLFMPDHRYCYSLTQAGIYYTDQEVIPDA
AYTFVRGFAWVGIAVCLLALAVVGPLAFVGAGGFALLAFGLTNFHPTVHKKEV
YFADQLIVFDPIKEKMVDLNTDSTDEPWFDRRLFFSSLDEKTHFIELVKSIHNNVD
YLPLQRVNDQYKHPIFNQELKEE 

>NIH41 
MLIDKNELEQLKVKLHSSEVIYQWDSVAYGERRSEIFRVFGAISAGIVPLWPFIFF
ADIQFNSKEFWGFICFSLAGMAAARYLFMPDHRYCYSLTQAGIYYTDQEVIPDA
AYTFVRGFAWVGIAVCLLALAVVGPLAFVGAGGFALLAFGLTNFHPTVHKKEV
YFADQLIVFDPIKEKMVDLNTDSTDEPWFDRRLFFSSLDEKTHFIELVKSIHNNVD
YLPLQRVNDQYKHPIFNQELKEE 

>O395 
MLIDKNELEQLKVKLHSSEVIYQWDSVAYGERRSEIFRVFGAISAGIVPLWPFIFF
ADIQFNSKEFWGFICFSLAGMAAARYLFMPDHRYCYSLTQAGIYYTDQEVIPDA
AYTFVRGFAWVGIAVCLLALAVVGPLAFVGAGGFALLAFGLTNFHPTVHKKEV
YFADQLIVFDPIKEKMVDLNTDSTDEPWFDRRLFFSSLDEKTHFIELVKSIHNNVD
YLPLQRVNDQYKHPIFNQELKEE 

>TM11079-80 
MIMAYNSEQLTLQPPKEAQGFLRSVLTKGQIFPFTKANETIALSLAGEITPSYIKET
EKEDKLSYWDENSLESETFSNWTQLYLFIVGLAKVALFFFLPLLYLIMISAMLFGP
YGWKDWAGDFGTVTLYTTLPCLLIYGHFKLVSAGHLFLAPFLKSKRVYSLNRQT
GMVTLFKKGNKERFSHPFIEFDCVLMSAPSPQGNLNYNLMLVHRYHDYSVGVPI
GNLIGSNEMVAEYYRLWNMIQRYMDISQPMPDILVLEPARERDPTTAAYDKQTG
RNPRYWRDMSDEEYQQTLKKIADKQKNQPDSGPVLNVFSLS 
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>TMA21 
MESDIIMFWKKKSQDIDLKELVPKAGNTRKFLTGEAVFFSPKPLPSAKIASETIVQ
SPEILEINDTYLDIGQRNQGKAWQVQIMSSGISVSAIVILLILFYVGHRDMQLFGSF
FIAFLESFNDVAVSLTIAFFLLLCVSCQVIIGTSIDFARQRPIRLNRQRREICYYSDR
EKKSIIAPWEEVVCWVALNRGTTGNSMVTHFTFGLAIPTPDGKDYWTLRRPIASV
TDGQRMWETMRMYMDEPLTRRPVPSPFIKEDRAYFDKSRREMCDRFQKGPKC
WFILNSNAPWVSYASMFFYYLFHILSGWKLPYWVSEWTDNLAKVDLPKEVEEW
SKPIPESEWAKPSEELLRQRAAIEKHYEAGGGIMDFNPATQ 

>V51 
MKPYPNLITRFVLLLSIMIGLVACKPNPQDDIALFQPFITENINKKSADPYISSTVKP
GDKMYEILVNIQHGRHDIASSKLQSLIEVNDSDAMVWYAKLIYRASVNNRTKAL
SLYQKAMDNDNPYAYIMLSPGLISSGCVSYFGEKNCTLEHFNKAIELFKPLAAQG
DVRAQYFLLQQQELDKSKETRAQYIQEVIRFSQAHYYQPLMDYVNTILTRPQGK
DKYEARTTEQYNLAIDLLTIASNYNYVPAIKRLLEVDLDEEVFTKRMEQLTRLGS
TFEIYENYFNSQDEHERHYYSMLFKQLTGDNKLSSSYSATDDEVKMINEKIEKVI
SSMTPMVYIDGFTSRDNWVD 

>V52 
MLIDKNELEQLKVKLHSSEVIYQWDSVAYGERRSEIFRVFGAISAGIVPLWPFIFF
ADIQFNSKEFWGFICFSLAGMAAARYLFMPDHRYCYSLTQAGIYYTDQEVIPDA
AYTFVRGFAWVGIAVCLLALAVVGPLAFVGAGGFALLAFGLTNFHPTVHKKEV
YFADQLIVFDPIKEKMVDLNTDSTDEPWFDRRLFFSSLDEKTHFIELVKSIHNNVD
YLPLQRVNDQYKHPIFNQELKEE 

>VL426 
MLIDKDELEQLKANLHSSEVLYQWECVAFSERRGDIARWVIGIFAGFLPALLFIPL
GDIPFNSKGFWGFMIFGIVFALVARYLLMPDHRYCYSLTQAGVHYTDQEVIPDA
AYTFVRGFAWVGIAVCLLALAVVGPLAFVGAGGFALLAFGLTKFHPTVHQKEF
YFADQLIVFDPIKEKMLIFNTELVRDPIFIFSFMGTLYFNSFDEKNRVMALIKNVH
NNIDYCPLQRVNDEFKHRKYQQALKDE 

 
Large cluster: 

>623-39_ 
MNIFKKIIYCIILIMFSLQAVGGSIPSSSQLRSLLRSYDIQTANIGETIAYIPIEKPCLN
LLARNEHYEYCVINEGENLSNGDKEGFFITLDSVSESSVSFSYNTIWYSVNCRLSI
SDKKIKCDKAE 

>1587_ 
MNIFKKIIYCIILIMFSLQAVGGSIPSSSQLRSLLRSYDIQTANIGETIAYIPIEKPCLN
LLARNEHYEYCVINEGENLSNGDKEGFFITLDSVSESSVSFSYNTIWYSVNCRLSI
SDKKIKCDKAE 

>2010EL-1786 
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MNNLLSAYVTMLLILLSISGGAIASENCNDTSGVHQKILVCIQNEIAKSETQIRNNI
SSKSIDYGFPDDFYSKQRLAIHEKCMLYINVGGQRGELLMNQCELSMLQGLDIYI
QQYIEDVDNS 
>2740-80 

MNNLLSAYVTMLLILLSISGGAIASENCNDTSGVHQKILVCIQNEIAKSETQIRNNI
SSKSIDYGFPDDFYSKQRLAIHEKCMLYINVGGQRGELLMNQCELSMLQGLDIYI
QQYIEDVDNS 
>12129(1) 

MNIFKKIIYCIILIMFSLQAVGGSIPSSSQLRSLLRSYDIQTANIGETIAYIPIEKPCLN
LLARNEHYEYCVINEGENLSNGDKEGFFITLDSVSESSVSFSYNTIWYSVNCRLSI
SDKKIKCDKAE 
>AM19226_ 

MLKYLFFIGFIFSSSASASASDECDYTLPLGSIVACYENKNEESDAVLNKSYNDLK
KLVMGSPYDDETKGVYWSNIVKSQKNWIQMRDSQCLAKGVFFENGTDLQRIEIK
KCLFLSTEIRVLYLNEEILFIKNLP 
>Amazonia 

MKNCLYLIVLTLCFSIARANDENVDDLIVSSYIETQDEKIKDFQGKEFQISFQKESI
LKKEGLNDGSLKAFIRISGSQSLLFEQKDFKPYGQDVFVFSCKASDANMRVFIQT
RYASSDNITPWFVQFTPYIFTIESGSVRREYKFENEYFYGGDFFYRRIIDDEKLIIKY
PFYTNDKFIEKLFESKLCVNYSE 

>BX330286_ 
MNNLLSAYVTMLLILLSISGGAIASENCNDTSGVHQKILVCIQNEIAKSETQIRNNI
SSKSIDYGFPDDFYSKQRLAIHEKCMLYINVGGQRGELLMNQCELSMLQGLDIYI
QQYIEDVDNS 

>C6706_ 
MNNLLSAYVTMLLILLSISGGAIASENCNDTSGVHQKILVCIQNEIAKSETQIRNNI
SSKSIDYGFPDDFYSKQRLAIHEKCMLYINVGGQRGELLMNQCELSMLQGLDIYI
QQYIEDVDNS 

>CA401 
MNNLLSAYVTMLLILLSISGGAIASENCNDTSGVHQKILVCIQNEIAKSETQIRNNI
SSKSIDYGFPDDFYSKQRLAIHEKCMLYINVGGQRGELLMNQCELSMLQGLDIYI
QQYIEDVDNS 

>CIRS101 
MNNLLSAYVTMLLILLSISGGAIASENCNDTSGVHQKILVCIQNEIAKSETQIRNNI
SSKSIDYGFPDDFYSKQRLAIHEKCMLYINVGGQRGELLMNQCELSMLQGLDIYI
QQYIEDVDNS 

>CP1041 
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MNNLLSAYVTMLLILLSISGGAIASENCNDTSGVHQKILVCIQNEIAKSETQIRNNI
SSKSIDYGFPDDFYSKQRLAIHEKCMLYINVGGQRGELLMNQCELSMLQGLDIYI
QQYIEDVDNS 
>DL4211_ 

MVRLFGFLFFLSFSILAKDLDNSQVYSVPSDERWLLIDILKNPCDVCTSDIYIQSGS
ARINGVWVSGVFEFSVSEKIDILFDSDTKFALGDIVQKISVETESNENM 

>DL4215_ 
MNIFKKIIYCIILIMFSLQAVGGSIPSSSQLRSLLRSYDIQTANIGETIAYIPIEKPCLN
LLARNEHYEYCVINEGENLSNGDKEGFFITLDSVSESSVSFSYNTIWYSVNCRLSI
SDKKIKCDKSE 

>HC-07A1 
MNNLLSAYVTMLLILLSISGGAIASENCNDTSGVHQKILVCIQNEIAKSETQIRNNI
SSKSIDYGFPDDFYSKQRLAIHEKCMLYINVGGQRGELLMNQCELSMLQGLDIYI
QQYIEDVDNS 

>HC-32A1_ 
MNNLLSAYVTMLLILLSISGGAIASENCNDTSGVHQKILVCIQNEIAKSETQIRNNI
SSKSIDYGFPDDFYSKQRLAIHEKCMLYINVGGQRGELLMNQCELSMLQGLDIYI
QQYIEDVDNS 

>HC-33A2 
MNNLLSAYVTMLLILLSISGGAIASENCNDTSGVHQKILVCIQNEIAKSETQIRNNI
SSKSIDYGFPDDFYSKQRLAIHEKCMLYINVGGQRGELLMNQCELSMLQGLDIYI
QQYIEDVDNS 

>HC-38A1 
MNNLLSAYVTMLLILLSISGGAIASENCNDTSGVHQKILVCIQNEIAKSETQIRNNI
SSKSIDYGFPDDFYSKQRLAIHEKCMLYINVGGQRGELLMNQCELSMLQGLDIYI
QQYIEDVDNS 

>HC-43B1_ 
MKRLIILLCVFFSFGCNAKAIPDKEELIFFARSYSDFESGSVVVYVPVNKPCINVIS
SGNNYEFCDLQKNINGVNATLDKGAESGIWVVGLKLDISMVEFTYRTPYFDEVC
TIDLLNDNKLQCGNGK 

>HE-25 
MLKYLFFIGFIFSSSASASDECDYTLPLGSIVACYENKNEESDAVLNKSYNDLKKL
VMGSPYDDETKGVYWSNIVKSQKNWIQMRDSQCLAKGVFFENGTDLQRIEIKK
CLFLSTEIRVLYLNEEILFIKNLP 

>HE-39_ 
MNNLLSAYVTILLILLSISGGAIASENCNDTSGVHQKILVCIQNEIAKSETQIRNNIS
SKSIDYGFPDDFYSKQRLAIHEKCMLYINVGGQRGELLMNQCELSMLQGLDIYIQ
QYIEDVDNS 
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>HE-45_ 
MKRLIILLCVFFSFGCNAKAIPDKEELIFFARSYSDFESGSVVVYVPVNKPCINVIS
SGNNYEFCDLQKNINGVNATLDKGAESGIWVVGLKLDISMVEFTYRTPYFDEVC
TIDLLNDNKLQCGNGK 

>LMA3984-4 
MNIFKKIIYCIILIMFSLQAVGGSIPSSSQLRSLLRSYDIQTANIGETIAYIPIEKPCLI
NEGFFITLDSVSESSVGFFITLDSVSESSVSFSYNTIWYSVNCRLSISDKKIKCDKAE 
>M66-2 

MNNLLSAYVTMLLILLSISGGAIASENCNDTSGVHQKILVCIQNEIAKSETQIRNNI
SSKSIDYGFPDDFYSKQRLAIHEKCMLYINVGGQRGELLMNQCELSMLQGLDIYI
QQYIEDVDNS 
>MAK_757 

MNNLLSAYVTMLLILLSISGGAIASENCNDTSGVHQKILVCIQNEIAKSETQIRNNI
SSKSIDYGFPDDFYSKQRLAIHEKCMLYINVGGQRGELLMNQCELSMLQGLDIYI
QQYIEDVDNS 
>MJ1236 

MNNLLSAYVTMLLILLSISGGAIASENCNDTSGVHQKILVCIQNEIAKSETQIRNNI
SSKSIDYGFPDDFYSKQRLAIHEKCMLYINVGGQRGELLMNQCELSMLQGLDIYI
QQYIEDVDNS 
>MO10_ 

MNNLLSAYVTMLLILLSISGGAIASENCNDTSGVHQKILVCIQNEIAKSETQIRNNI
SSKSIDYGFPDDFYSKQRLAIHEKCMLYINVGGQRGELLMNQCELSMLQGLDIYI
QQYIEDVDNS 
>MZO-2_ 

MNKNFEQSRRDPLLTEDTFHTKTIDYFEATLNDEELISIISDQTKEKDHRKRVSWS
VFGELFEKTILDYSAGKDFVEIQSILHKTLSFYEEHKNNFSEHSLKYWEPDSYQYI
LWLFSLNTLLGDSSFSLSLIRCVSVSGNDDKLLSILFSRLGIIGFPRGEELIFPKTYQ
YLFDAIKGDGAYPSKEERQKSIKKYLSAWYKSMKNCYWHDRHKGRFPTFFGYW
AFEAALVTVLYDLDDSSYRDMLHYPKDLVDHARNNGVDKLFHTQNIKQRWIVF
PNDESPISGRWFDNLSNEVISTVKGERMPGVFENAQGYRHFWVSE 

>MZO-3 
MNNLLSAYVTMLLILLSISGGAIASENCNDTSGVHQKILVCIQNEIAKSETQIRNNI
SSKSIDYGFPDDFYSKQRLAIHEKCMLYINVGGQRGELLMNQCELSMLQGLDIYI
QQYIEDVDNS 

>N16961 
MNNLLSAYVTMLLILLSISGGAIASENCNDTSGVHQKILVCIQNEIAKSETQIRNNI
SSKSIDYGFPDDFYSKQRLAIHEKCMLYINVGGQRGELLMNQCELSMLQGLDIYI
QQYIEDVDNS 

>NIH41 
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MNNLLSAYVTMLLILLSISGGAIASENCNDTSGVHQKILVCIQNEIAKSETQIRNNI
SSKSIDYGFPDDFYSKQRLAIHEKCMLYINVGGQRGELLMNQCELSMLQGLDIYI
QQYIEDVDNS 
>O395_ 

MNNLLSAYVTMLLILLSISGGAIASENCNDTSGVHQKILVCIQNEIAKSETQIRNNI
SSKSIDYGFPDDFYSKQRLAIHEKCMLYINVGGQRGELLMNQCELSMLQGLDIYI
QQYIEDVDNS 
>TM11079-80_ 

MKNCLYLIVLTLCFSIARANDENVDDLIVSSYIETQDEKIKDFQGKEFQISFQKESI
LKKEGLNDGSLKAFIRISGSQSLLFEQKDFKPYGQDVFVFSCKASDANMRVFIQT
RYASSDNITPWFVQFTPYIFTIESGSVRREYKFENEYFYGGDFFYRRIIDDEKLIIKY
PFYTNDKFIEKLFESKLCVNYSE 

>TMA21_ 
MLKYLFFIGFIFSSSANANASDECDYTLPLGSIVACYENKNEESDAVLNKSYNDL
KKLVMGSPYDDETKGVYWSNIVKSQKNWIQMRDSQCLAKGVFFENGTDLQRIEI
KKCLFLSTEIRVLYLNEEILFIKNLP 

>V51_ 
MNNLLSAYVTMLLILLSISGGAIASENCNDTSGVHQKILVCIQNEIAKSETQIRNNI
SSKSIDYGFPDDFYSKQRLAIHEKCMLYINVGGQRGELLMNQCELSMLQGLDIYI
QQYIEDVDNS 

>V52_ 
MNNLLSAYVTMLLILLSISGGAIASENCNDTSGVHQKILVCIQNEIAKSETQIRNNI
SSKSIDYGFPDDFYSKQRLAIHEKCMLYINVGGQRGELLMNQCELSMLQGLDIYI
QQYIEDVDNS 

>VL426_ 
MNNLLSAYVTMLLILLSISGGAIASENCNDTSGVHQKILVCIQNEIAKSETQIRNNI
SSKSIDYGFPDDFYSKQRLAIHEKCMLYINVGGQRGELLMNQCELSMLQGLDIYI
QQYIEDVDNS 
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Sequences of genes from genomes that were not annotated at all: 
 

Amazonia, large cluster, effector-encoding gene 
ATGGCAAGGTTACAGTTTCAATTAAAGGTGGATGGCCTTGAGGATGAATCCC
TCGTCGTACGCGGATTTGAAGGGCAAGAGTCCTTGTCTGATTCTGTATGGCGC
AGTGAACCCTGCTATGGTTTTCGCTATCAGGTTGATTTAGCCAGTGCGCTAAG
TAATCTCACGGCTGAGCAATTTGTAGACCAAACCGCACATTTAACCATTCTGC
GTGACGGGCAAGTAGTGCAGCAAATAAACGGTATTGTGCGTCAATTCAGCAA
AGGGGATACCGGCCATCGACATACTTTCTATTCATTAACGCTAGTTCCTGCGC
TAGAACGGCTTTCTTTACGCAGTAATAGCCGTATTTTCCAGCAGCAAAGCGTG
CCAGAGATTATCTCTATTTTACTGCAAGAGATGGGGATTGAAGATTACGCCTT
TGCCCTTAAGCGTGAGTGTGCCCAGCGAGAGTTTTGTGTACAGTATCGTGAA
ACGGATTTGCAGTTTTTACACCGTATCGCCGCCGAAGAAGGCTTGGTATACA
GTCACCTACATGAAGCGCAGAAACACACCTTGCTGTTTACCGATAGCTCGGA
CAGCCAACCGAAGTTAGCCAAGCCAGTACCTTATAATGCGCTGGCGGGTGGC
GAGATCAATCTCCCTTATGTGGTCGATCTGCAATTCAAGACCACCGCACAAGT
CAGCCATACCGAACTTAAAGATTACAGCTTTAAAAAGCCAGCTTACGGATTT
ACTCAGCGCACGCAGGGTAAAGATATCGCTTATCAGCAGCCAAATTATGAGC
ATTTTGATGCTCCGGGACGCTACAAAGACGATGCAAATGGCAAGGCCTTTAG
CCAAATTCGCTTAGAGTATTTACGTCGCGATGCTTTGCTTGCTGATGCGAAGA
GTGACGAACCTTTGCTGTTGGCGGGAGTGCGTTTTGACTTGCAAGATCACCTT
GATCCCGCGATGAATCGAGATTGGCTCGTGGTACAAGCCAATCACCAAGGGA
CTCAGCCACAAGCGTTACAAGAAGAAGGTGGTTCAGGCGCTACCACTTACAG
CAATCAGCTAAAACTTATCCCCGCTCACATCACTTGGCGAGCAAGGCCTTGT
GCTAAGCCGCAAGTGGATGGTCCTATGATTGCCACCGTAGTTGGGCCACAAG
GTGAAGAGATTTATTGCGATAACTTTGGTCGCGTGAAAGTGCATTTCCCGTGG
GATCGCTACTCAAGTAGCAATGAGAAAAGCTCTTGCTGGGTGCGAGTGGCAC
AAGAATGGGCGGGTAGCCAATACGGTAGTATGGCGATTCCGCGAGTTGGCCA
TGAAGTGATTGTTTCGTTCCTGAATGGCGATCCAGATCAACCCATCATCACGG
GGCGTACGTATCATGCGACCAATACCGCACCTTACGCCTTGCCTGACCACAA
AACCAAAACCGTACTGCGCACTGAAACCCACCAAGGACAAGGCTACAACGA
ACTGAGTTTTGAGGATCAAGCGGGCAGCGAACAGATTTTGCTGCATGCACAA
AAAGATTGGGATGCGTTGATTGAGCATGATCACACCGAAGTGATTCGCCACG
ATCAGCATCTCACTGTGGACAATGATCGCTTTACCCGCATTCAGCGCAACCA
ACATTTGACGGTTGAAGGTGAAGTCCGTAGCAAAATCGCACTCGATAGCAGC
CATGAAGTCGGCGCGTCACTACAACACAAAGTCGGGCAACGCATTGCTGTCG
AGGCGGGTAAAGAGATTTCACTCAAAAGCGGCGCAAAAATCGTGGTTGAAG
CCGGAGCGGAGTTAACCCTAAAAGCAGGAGGCAGCTTTGTAAAAGTCGATGC
AGGTGGCGTACATCTAGTCGGTCCTGCCATTAACCTAAACGCGGGCGGCAGT
GCAGGCAGCGGTAGCGCTTATGGTGGGCAATTAGCGGCTGCACCAAGAATGT
TAGCGCAAGCTAAACCAGTAGCAGAATTGGTTCAGCCGGATATTGCTGCCTC
AATGCAATCAGGCGCGGCGCGTGTTATTGATGTGGCATCACTCCCCACAATG
ATACCGAGTTCAGCCAATAACACGGCAAATGATGAGCCTGTGGCTGAAGAGA
AAACACCGGAGCGAATTTTAAAATCCGATCTTCTCAAACCATCCGATGAGTT
AGAGAAACTCGCCAAGCGACAAGCGAGTGCTTATCGTCAAGGTAATCACAGC
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GATGAGGTTAAGTTACTACAAGAAGCGCTCATAAAACTGGGGTTTGATCTCG
GGAAAGCAGGAGCTGATGGTGACTTTGGGAGCAAAACTAAAACCGCGATTG
AGCAGTTCCAGAAAAGCTATCAACCAAGCCACCAAACCCACCCGTCTTACAG
CATTGGCGCTGTTGACGGTATTGTCGGCAAAGGTACACTACTGGCACTAGAC
GAAGCCTTGATGGATGGGTGGGTTTATCTTCTTATTACTAAGGATATGCTAAA
TGTAGTGTGCCCTAATTCAGGTAATAATAAGGAACTGTTAGATTCATTAAATA
AATACTGTCCTATGTACGAAATAGATACACCCATTAGAATTGCACATTTTTTA
TCTCAAATTGCTCATGAAAGTGGATGTTTTAGTAGTTTGACAGAAGGAAGTA
ATTATAGTCATATGGCTGCGAAACTAAAGTTTTCAAAATATAGAACTTATGTT
GACTCATTAAAGTCTGGTTCGACAAACAAGTTCATAAGAGAAGATAATCCAG
CAAGATGCAAACAACCTGATTTGTTCAATTTTGTTTATTCAAGTAGTAATGGT
AATGGAGATGAGAAATCTGGAGATGGATATAAATATAGAGGTAGGGGGCTC
ATTCAGATTACAGGAAAAGATAAGTATTCAAGGTTTACAAGTGTGCATAATA
GTAAAAATCCGGATGACACTCAAAATTTTGTCATAAATCCAGATCTTGTTTCC
GAAAATTTGAATTATGCAGTTGAGTCAGCATGTATTTACTGGAGGCATTGGG
GAGCACTATCTAAAAAGTTTAACGCTAATGGTGATATAAATATATTAATTGAT
AATGCACCAAATGATGTTGAGTTAATTAGTCAGGCGGTAAATGGTGGTAGTT
ATGGACACTCTAATGGCTTAGATGACCGCATTGATAAATTTAATAAAATAAA
AAATAACTTGGGATTGTGA 
 

Amazonia, large cluster, immunity protein-encoding gene 
ATGAAAAATTGTTTGTATCTTATCGTCTTAACTCTATGTTTCAGTATAGCTCGA
GCTAATGATGAAAATGTTGATGATTTAATTGTATCATCATATATAGAAACTCA
AGATGAGAAGATAAAAGATTTCCAAGGAAAAGAGTTTCAAATTTCTTTCCAG
AAAGAGAGTATCCTGAAAAAAGAAGGTCTCAATGATGGTAGCCTTAAAGCAT
TTATCAGAATCTCTGGTAGTCAAAGTTTATTATTTGAACAAAAAGATTTCAAG
CCATATGGACAAGATGTATTTGTTTTTTCTTGTAAGGCATCAGATGCCAACAT
GAGAGTTTTTATCCAGACGAGATATGCAAGTTCTGATAATATAACACCTTGGT
TTGTTCAGTTTACGCCATATATTTTTACGATTGAATCTGGTTCAGTAAGGAGA
GAATATAAATTTGAAAATGAATATTTCTATGGTGGCGATTTTTTTTATAGAAG
AATAATTGATGATGAGAAATTAATCATTAAATATCCATTCTATACAAATGAC
AAATTCATAGAGAAATTATTTGAATCTAAATTATGTGTTAATTATAGTGAATA
A 
 

C6706, large cluster, effector-encoding gene 
ATGGCAAGGTTACAGTTTCAATTAAAGGTGGATGGCCTTGAGGATGAATCCC
TCGTCGTACGCGGATTTGAAGGGCAAGAGTCCTTGTCTGATTCTGTATGGCGC
TGTGAACCCTGCTATGGTTTTCGCTATCAGGTTGATTTAGCCAGTGCGCTAAG
CAACCTTACTGCTGAGCAATTTGTCGACCAAACCGCGCATTTAACCATTCTGC
GTGACGGGCAAGTGGTGCAGCAAATTAACGGTATCGTACGCCAATTGAGTAA
AGGCGATACTGGGCATCGGCACACGTTTTATTCTCTTACGTTAGTACCTGCGC
TGGAGCGGCTTTCTTTACGCAGTAATAGCCGTATTTTCCAGCAGCAAAGCGTG
CCGGAAATTATCTCTATTTTACTGCAAGAGATGGGGATTGAAGATTACGCCTT
TGCCCTTAAGCGTGAGTGTGCCCAGCGTGAGTTTTGTGTGCAGTACCGTGAAA



248 
 

CGGATTTGCAGTTTTTACACCGTATCGCCGCCGAAGAAGGCTTGGTATACAGT
CACCTACATGAAGCGCAGAAACACACGCTACTGTTTACCGATAGCTCGGACA
GCCAACCGAAGTTAGCCAAGCCAGTACCTTATAATGCGCTGGCGGGTGGCGA
GATCAATCTCCCTTATGTGGTCGATCTGCAATTCAAGACCACCGCACAAGTCA
GCCATACCGAGCTAAAGGATTACAGCTTTAAAAAGCCAGCTTACGGATTTAC
TCAGCGCACGCAGGGTAAAGATATCGCTTATCAGCAGCCAAATTATGAGCAT
TTTGATGCTCCGGGACGCTACAAAGACGATGCAAATGGCAAGGCCTTTAGCC
AAATTCGCTTAGAGTATTTACGTCGCGATGCTTTGCTTGCTGATGCGAAGAGT
GACGAACCTTTGCTGTTGGCGGGAGTGCGTTTTGACTTGCAAGATCACCTTGA
TCACGCAATGAATCGAGATTGGCTCGTGGTACAAGCCAATCACCAAGGGACG
CAGCCACAAGCGTTACAAGAAGAGGGTGGTTCAGGCGCTACCACTTACAGCA
ATCAGCTAAAACTTATTCCCGCTCACATCACTTGGCGAGCAAGGCCTTGTGCT
AAGCCGCAAGTGGATGGTCCCATGATCGCCACCGTGGTTGGGCCACAAGGTG
AAGAGATTTATTGCGATAACTTTGGTCGCGTGAAAGTGCATTTCCCGTGGGAT
CGCTACTCAAGTAGCAACGAAAAAAGCTCTTGCTGGGTGCGAGTGGCACAAG
AATGGGCTGGTAGCCAATACGGTAGTATGGCGATTCCGCGAGTTGGCCATGA
AGTGATTGTTTCGTTCCTGAATGGCGATCCGGATCAACCCATCATCACAGGTC
GTACGTATCATGCGACCAATACCGCGCCTTACGCCTTGCCTGACCACAAAAC
CAAAACCGTGCTGCGCACTGAGACTCACCAAGGGCAAGGCTACAACGAACT
GAGTTTTGAGGATCAAGCGGGCAGCGAACAGATTTTGCTGCATGCACAAAAA
GATTGGGATGCGTTGATTGAGCATGATCACACCGAAGTGATTCGCCACGATC
AACATCTCACTGTGGACAATGATCGCTTTACCCGCATTCAGCGCAACCAACA
TTTAACGGTTGAAGGTGAAGTCCGTAGCAAAATCGCACTCGATAGCAGCCAT
GAAGTCGGCGCGTCACTACAACACAAAGTCGGGCAGCGCATTGCTGTCGAGG
CGGGTAAAGAGATTTCACTCAAAAGCGGCGCAAAAATCGTGGTTGAAGCCGG
AGCGGAGTTAACCCTAAAAGCTGGGGGCAGTTTTGTAAAAGTCGATGCTGGT
GGCGTGCACTTAGTCGGTCCTGCCATTAACCTAAACGCGGGCGGCAGTGCAG
GCAGCGGTAGCGCTTATGGCGGGCAATTAGCGGCAGCACCGAGAATGTTAGC
GCAAGCTAAACCAGTAGCAGAATTGGTTCAGCCGGATATTGCGGCCTCAATG
CAATCAGGCGCGGCGCGTGTTATTGATGTGGCATCACTCCCCACAATGATGC
CGAGTTCAGCCAATAACACGGCAAATGATGAGCCTGTGGCCGAAGAGAAAA
CACCGGAGCGAATTTTAAAATCCGATCTCCTCAAACCATCCGATGAGTTAGA
GAAACTCGCCAAGCGACAAGCGAGTGCTTATCGTCAAGGTAATCACAGCGAT
GAGGTTAAGTTACTACAAGAAGCGCTCATAAAATTGGGGTTTGATCTCGGGA
AAGCAGGAGCTGATGGTGACTTTGGGAGCAAAACTAAAACCGCGATTGAGC
AGTTCCAGAAAAGCTATCAACCAAGCCACCAAACCCACCCGTCTTACAGCAT
TGGCGCTGTTGACGGTATTGTCGGCAAAGGTACACTACTGGCACTAGACGAA
GCCTTGATGGATGGGTGGGTGTATGAGAATAATATTTATCAAATATGGCCTCT
AGGTAAAACGTCAGAGAAATATGAGTCGGCAGGAAGAGGCCCAGGGGTTAT
ATCAACAGGAAATGGAGATTATGGTGGGGCTTCATATGGTTGCTATCAAATG
TCATCAAATCTTGGTGTGGTACAAAAATATATTCAGTCATCAAAATTCAAAG
AATTCTTTAGTGGATTAAATCCCGCTACGAAAGAGTTTAATGTTGTTTGGCAG
GATATAGCTTCAAGATATCCTCAGGAATTCAGAGAAGAACAACACCAATTTA
TTAAGAGAACTCATTATGATATACAAATAGGACATCTTAGAGGGAAAGGACT
TTTGTTTGAACATAATCGAGCTGCTGTACATGATTTGATCTGGTCTACTTCAG
TACAGTTTGGTGGGAGAACTAATTTGATTTTCAATGCATTGAATGGACAAAAT
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ATGGAAAGTATGACTGATAAGGACATCATTATTCTGGTACAAGATTACAAGC
TTGTTAATACAGAAAGGCTTTTTAAGTCTTCGCCATCATGGTGGAGTGATTTA
AAAAAACGTGCGGTATCAGAGAAAAAAGCTTTACTTGAACTAGAAATTGACG
GTTTGGAGGTTGATATAAAATGA 

 
C6706 large cluster immunity protein-encoding gene 

ATGAATAACTTGCTTTCTGCGTATGTAACTATGCTGTTGATATTATTAAGTATT
AGTGGTGGCGCTATTGCTAGTGAAAACTGCAATGATACATCTGGAGTGCATC
AAAAAATTCTAGTGTGTATCCAAAATGAGATAGCTAAGTCAGAGACTCAGAT
TAGAAATAATATTTCTTCTAAGTCTATAGATTATGGCTTTCCTGATGATTTCTA
CAGCAAGCAAAGATTAGCTATTCATGAAAAGTGTATGCTTTATATAAATGTC
GGTGGCCAACGTGGTGAATTGCTAATGAACCAATGTGAACTTTCGATGCTAC
AAGGCCTTGATATTTACATTCAACAGTATATAGAGGATGTTGATAATAGTTAG 
 

Amazonia, auxiliary cluster 2, effector-encoding gene 
ATGTCTACTAAGTTTGCTTCAAGTCCGAGCTGTGATGGTAAAAAGTTTTTCAT
TGAAGTAACGGGTATACAACATGGCTCTGAACAAGACTTTGAGTTTTATGAC
TTAACTGATATGTCACAGCAGGCTGCTCTAGAAGCGAAAAAGAGTATTGATC
CTGAACTTGATGAAAGTACGGTATACAGTTGGGATTGGTGTGATGAGAGTGC
CAATCGAAATGTTTGGCTGAAAATTGAAGCGGAAGGTGATCCAATCAAATTA
CCGCTTTTTCAAAATGTAGCAGACATACCAAGAAAGAAAGACGAGCAAGATT
ATTTGGTACATGCAGTTTTACCTTTAACGCTTTTACCTACTTATCAATCATCGT
TAACTTATAAAGAGAGAATTGCTCCTGTTCGAGCAGGTTTTATTTATATCTTT
TACAACCATAAAGTATGGCGTGAAATTCAAATTAGCCCAGAAGATAGCGGTG
ATTACTCTCTTAAAGATGTCAATCTTTACCAATATCGTACTGGTAGAGATAAA
CCGTTTAAAGATGAAGCTCGAATCGCAACTGGTGTGGCACTAAAAGAGATTT
GGATACCGGCTAAAGAGAATAACAAGGGGGCACGGATCCATCTTGCCTTTTC
AGAAGTTCAGTGGAGTGCACAATACCTTAATTATCTTGAGGCGAATCAAAAC
GAGTTAGTTCAACGAGCTGTTGCATTTCATCAGTTGAATGTGGATAGCAATGT
CGATGTATTGAAAGCTAGCTTACTGCCGCCAATGCGAATAAGAGCGCCAGAG
TTGGAGTTGTTTCTTGCTGAGCCAAGTAATCTCAACCGTGATCTCTCTGGGGA
GTGGGTAACACGCACTTACCAAACCATTAAAGAGGAAATCTTATCCGCGAAT
GACGACGGTGATAAGGCGGTACAGGTTTTTAAATATGCTCAACCTCATCGAT
ATGAATATGCTATTAAGCAAGCCGCACTGATTGAGATTATCAACTCAGATCC
AAATCAAGCTAAGTTGTGGACTATTGGTGACTCGACAGATTTTTTAGAAGAT
GCAAAAAAGCGTCATCTGAGAGCAATTGTATTGGACGATCCTCTTTTTGACTT
AAGACATCACGCTTTTCTTACTCAATCTGCTGTTGGGTATTTACAGCAAGTCT
ATATCGATATGAGTCAACAAAAGTACTATCGCACTGCAGAGCTAGTGCAAAA
ATTGGTGGTTCCAGCCAAGTTCGGACAACAAGAAAATCCTTACTATCAATAT
CGTAATGCTATAGACAATTACTATGGAGGCGTTTTCCACAGAACATTACGTAC
TACTGAGCGACAGTTTTGTTGCCAAGATGTAAAGGTATTGCAAGAGAAACTC
CAATTGCAGGTGAACCAGAAGAGATTGGCTCATGTGCTGCGTGATATCAGTT
CAATGAACGATATTAACGCATCGGCTGCGCATGTGATTGTTGGCTATGCGCTG
AGTGCTCTGAGTGTGAATATTGATAAATTGGATCAAATGTCAAACCCTGAAA
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GTGACGTTCGTTCACCTTATTTAGAAACCGCTAGACAAATCCTCTCTCCAAAA
GATAACCATCCTTTGCACCGAATATTATTTCCAGAAGAAGGTACGATAAATTT
GGAGCAAGCTAGCTATAGCGCACCACTGCCATTTAACTCGGGATCTGGATTT
GCAACGCTTGAATCGTTAGCTTTGTGGTCGAAAGAGGAGATGCTCATTCAAG
ATGAGCAGTTACAAGTGATGGATCTAGCTTTTATGTCGCCTTCCAATAGCAAC
CAGGAAAAGGCTTTTAACCTTGAACGGCGTATTGCCAGTATAATGAATGATA
TTTTAAAGGGTTACTTTGATACGTTGCTGAACCTAAGCCAAGATCTCATCAGT
GAAGCGAAAGTGATCCAATTTAACGCCGCTTATGCCCCTGTACTCGGTTTAAT
GAAAGCCACTAATTCCAAAATGTGGGGAGATATCACTTATATACCCGTCAGT
GGTGCTGAGCTGAAAGGTACGGTGGTTGGCGTGCATGGTCATGGCTTGAGTT
ATGGATTGAGCGCCTCTGATCGCGAGTTTGTTGACTCGAAGAAGAAGTCAGC
GTTTGGACGCTTGTATGATCGTTCGGGCAAATTGGTGGCATCGACCAATAAA
AATGCTTTTAGCTCCAGTGATCTGATTTCAGAAAGTCGAGGTTCAGTCGGGGC
TAAATCACCACTTAAAGTGGTGGTTGTATCTCAAGAAAGCCAAATGGCAGCT
GCGTTCAACCAAGCGAATACGCAAAGAGCGTTACGCGATATGAATCGTACGG
ATCTCAACGTCAGTAATGCTTATGAAAAATTCAGAATTCCTTACTTTATTGCG
GTAGTGGAATTGATTAACCTTAAACAGAGTCAGCATCATTTTGAGAAAGCGC
TTCAGCGTACAGATACTCTTTACTCTTCTGCTAACGCGCTAAGTGCCGCGGCG
GATCTTACTATTGCGCTCATTCATGCTTCAAATCTGTATACACAGAACGCCTC
TCGTTTAGCGACAGCCTCAGGTAAAGCCGCGGTTGTTATGCCTGACTTCCTTG
TGAAAAAAATGACGTTTAGAAATGGTAAGGTGCGTTTGGTTCCCCACATCAG
CCGATTAGGATTAGCAAGTATTGGTGCTGGTTTTTTAACTGCGGGTATTGCTG
GTTGGGATGCGATGCGCCGTTGGCAAGAAAATGATCTTGATGCCAGCGTTGC
GATGGGTATGGTGGCGATAGGAACGTTAACCACTACGGTTGCAACGGGTTTT
TTTACCACCAGTGCTCCGGTGTTATTTGGTATGGGACCGGTGGCATGGTTAGG
GATTGGGCTGGCCGTTGCAGGTTTCGCGCTCTACATGTTTTGGAAGGATACCC
CAATGGAGGCGTGGCTGAAAAATGGCCCGTTTGGTCAGTCACCCTCGGCGAC
TTACGCACATTTGCAAGACCCGACGACGGCGTTTGAGCGGTTTATTGGGTTGA
TTTTTACTCTATCGGTCAACGCGTACCGCTTAGGTGCACAGACCGAATTCCCC
GAGGTGTTTACTCAGCAGATGCAAGCATTAGGTGCTACCCATGTTATCCATGT
CAATACCAATTTAGCGGCGTTACTCAATTCTCAATCGGTCAGAGTTGAGTTTT
ATGCTCGGCAAGCGATTGAAAAAAAGACCATAACAAGTAGCCGAACGGGCT
CAAGGGAAAGTAGTGAACTGATTAACCTAAGCTCGCACAATGTTACGGTTAT
CCATCAAGAGCAGCGTAATGAAGGTACTGCCTATTTTGTGAAATATGATTTA
ATCGTCCCCGAATACAGTACCGATTTTAGCCTACTGATGATGCGGTCTTATCA
GTATCGCTATCAGCCTGTTTTTGTACTCAGAACCAAGCTGCACGTTGAGCAGG
CTAGCTTTCCGACATTAGCATTAGAAGAGCGTGATGATTCTCGTATTGTGAAT
ATGGTTCCAACGTTTCGTTTAGATAACAACAGTGATCAAGATTGGGCGCAAA
ATACCGTATTAGCGTAA 
 

Auxiliary cluster 2, Amazonia, immunity protein-encoding gene 
ATGGCTTATAACTCAGAGCAATTAACCCTCCAACCGCCTAAAGAGGCGCAAG
GTTTTTTACGGAGTGTCTTAACCAAAGGGCAGATATTCCCTTTTACTAAAGCG
AATGAGACCATTGCTCTTTCTTTGGCTGGGGAAATTACACCTTCGTATATCAA
AGAGACTGAAAAGGAAGACAAGCTCTCTTATTGGGATGAAAACTCTTTAGAG
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AGTGAAACTTTTTCGAATTGGACTCAGTTGTACTTATTTATTGTAGGCTTAGC
TAAAGTAGCATTGTTTTTTTTCTTACCGCTTCTCTACCTGATCATGATTTCTGC
CATGTTATTTGGACCGTATGGATGGAAGGATTGGGCTGGCGATTTTGGCACTG
TTACTTTGTATACAACACTTCCTTGTTTACTTATTTATGGCCATTTTAAGTTGG
TCAGTGCTGGGCATCTTTTTCTGGCGCCCTTTTTAAAAAGTAAACGAGTGTAT
AGCCTCAATCGCCAAACTGGCATGGTGACGCTGTTTAAAAAAGGTAATAAAG
AGCGTTTTAGTCATCCATTTATCGAGTTTGACTGTGTGCTGATGTCCGCTCCTA
GCCCACAAGGGAATTTAAATTACAACCTGATGTTGGTGCATCGATACCATGA
TTATTCCGTTGGGGTGCCGATCGGTAATCTAATTGGCAGTAATGAGATGGTGG
CAGAGTATTATCGGTTGTGGAATATGATCCAACGTTACATGGATATCAGCCA
ACCCATGCCCGATATTTTAGTGCTTGAGCCTGCACGTGAAAGAGACCCAACC
ACTGCCGCCTATGATAAGCAGACTGGGCGCAATCCGCGATACTGGCGTGATA
TGAGTGATGAAGAATATCAGCAAACCCTGAAAAAAATCGCAGATAAGCAAA
AAAATCAGCCAGATAGTGGCCCAGTGTTGAATGTTTTTTCACTATCTTAG 

 
Auxiliary cluster 2, MZO-2, effector-encoding gene 

ATGAGTAATCCCAATCAAGCTGCGAAAACAGGACAGACCAATGATGCGCAA
AATCCCGCCAGTGCATGTCCTTTTAAACAGCCGTTAATAGGGATAATTCCTGT
TCGTTACGCCTTTGATGTTTATGATGATCAAGGTCAAGCATTACATCCTTTAC
CCAAAGCGGATCGACAGTGGAAAGGTCAATTCTCTATCAAGCAGCGCAGTTA
CACTTTAAGGCAACTGCGTGATGGCTGGCTCTATGTCTATGATGAAACAGCA
AAAACACTGCACGAATATGAAGTCGTTGGCTGCAAGTTGACCAAAATTGATT
GGTCTGATGATGAGGCAAACAAACCCACTCACGAGCGCGGTTCGAAAGGTGA
AAGCAAAAGCTGTTTACTCTATCCCGCCCAGCACACGCTCTCTATCGGTTATG
CGCATCAACGATGGACGTGGCGAGTGTGTGAGCATATGCGCTCCAATACCAG
CAGCCGTCATGCTGTGATGCGTAAAGTGAGCCTTAAACAGTTTGAGTCCAAT
GGTACTCACCCTCATGCACATTTTGCTCAGTATCTTGAAGACTATGTGGCGGA
CATCGGGACGCCAGCTGAGCAGGATATTTTTAAAGATACCTGTACCCCTTCAT
TACCGGTAGAGAAAAGTGAAGAAGCGGTGAAAGGTACGGAATTCAAATTCG
TTGCCGACAAAGCGGTGGTAAGCAGCAGTGATTATTTGCAAGATTTGCCGGA
GCAAAACTGCGGTTTATTTGTGGCGCTGAATGACCCTTTAGCGGATGTGTCAG
ATTTATTTGTTACTTTTACTACCCAAGTGGCAAAGCGAACTAAAGCGATTGGT
GATGAAACGCAACAGCATAAAATGCAGATGGCAGAGCTGACACGCACATTA
GGCCGAATTCGTCTTGAAGAAAAAGAAATTCCCGATTTTGTAAAACAAGATC
CGATCCGTATTTTAGAGCTAGAAAGAGCCATTACTGAATATTGTGCTACGGC
AAAATTGGCCGAAATCGAATCTCATCATTTAGCCAGTGAAGGGCATTCCCCA
TCGGGAAACTATGCCTTGATGCAGCAGCAAGCGGAGCAGAAACTGGCGGAA
TTGAAAACACTCTATCGCTTTGAACCCACCAGTGCTCAGATGCGCAAGTGGC
GCAAAAAAGACAACAGCTTTATTGATGAAGTGCGTTGGGCGGATTTAGATAA
CTTTTTGGTGGAGCATTACACCGAGCTCAAAGGATTGGATGAACAGATTAAA
CAACACTATGCGCAGTTTATGTCTGCCTTCAACCAGCTCGGCCTTGACCCGCT
TCTGTTTGGTATGGATAACCAAGATGAGGTTCAGCAAGCGTATTTGTTAGCAT
TAACTAGCCAATTTTTAGTGGTGGTTACGCAAGTCAATCATGATGAAAAATC
GCTTGAGATCCTAAAAAAAGATCTCAGTTTTGATTCACCGAAAAACCTCATG
GCCCTCGCGTCAACAGGCTTTTCCCTGCAGGCAAATCAAGCCATTAACAACC
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ATATCCAAGGGTTTAGCACCGCTTTTCTCTCTACAAGTAGTCCTAGTGATATG
GTGGCGTTTGCGACCGCAATTGCTAACTGGGATACGTTCACGGGGGATGAAC
GTATTCAGGAGAAAGCATGGTTTAAGAGATGGATTGAACCCGTCCAATCGAG
TTTTGGTGCACTGAAAAAAGCGGTTGCCAATCAAGCCAAAGAGAGTTGGCAA
GCGGTGATGGAGTTGCTGTTTCCTTATCAGAATCAGCCCAAAGGAGGGACGC
CCAGTTTGTTGGCTAACCTTCGTTTACTGTTGGTGGAAAGCCTAGTTCGAGAA
GAGGCGGTGCTGCAACATAACCCCAAGTATGCGGCTGAGCTTAAGCAATTTG
AGACTAAGCTGAATGCCATTTTGCAAGAGATGAATGATGCTCTGGAACTCAA
ACCCGGTAATGTGAGCCCCAAAAACCATCAAATTGCGACCGCGCAATCCGCA
CAACGTAAGCTAGGGCAATTACTCAGTAGTGAACTGCCGATGATGCTGACGC
TCAAAAACCAAGCGGTGATGAACACTTTTCAGCAGTCAGTAAATGAGAAACT
GAGCGCGCTATCGAAAAACGTCAAAACCAGTAGCGCGTCGGTGAGTCAGAA
ACTGGGTGGATTAGGAGGCTTGCTGTTTGCGCTGAACCTATGGAATACCATG
ACGGTTTTGGAGAATATCCGCTATAAGGTCGCACAATACCCCAGTTGGAATC
CTTTTAAGAACCCGGCGTTGGGCGAAGCCATTTATGCCACTGGCTATACCATT
GTGGCCGCTGGTGCCATCAGTGCGGGGCGCGCTTGGGTGACGATTGTTAAAT
ATGAGCTTTTGGATAAATCTCTAAAAGAAGCATTAGGTGAGGCATCCAGTCT
TAAAGCCAAAGATGCCCTAAAAACTTTTTCTAAATCCATCGCTTTGGTGGCTA
CCGTGGGCATGATTGCCAGCGCATTAGAAACATGGGAAAGCTGGGGTAAGTT
TAATGACAGCAGTAAAACCGATCTTGAACGCTTCGGTTATTTATTAAAAGCA
GGGGCAACGGGAGCACAGGCTCTGATTTTTGCTATTCAGTTAGGTGTATACG
GAGTAAGTCGATTCATAGGTTTTGGAACAATCGCAGCCATCAGTGCTGGTTG
GATGGCCGCCGGCTTTGCTGTGATTGGTATTGTCTATTTGATCGGGGTGATTT
TGACCAATGTGTTTAAACGCTCAGAGTTAGAAATCTGGTTATCAAAATCGAT
GTGGGGGAAAGAGAGTGCTCATTGGTCGGTGGGCAAAGAATTGACCGAGTTA
GAGCGCCTTCTCCATCGTCCGAGTCTTCGGTTGAGTCAAGTTACGCAACGTAA
AGCAGCGCAATGGATGGATTCAGGTTCTTTACAATGGCAGTTGGAACTCACG
TTACCCGATTATCTTAAGGGGCAGACGATAGGCTTACAAATCACCCGTTTGCC
AGCGCAGCCGGCATATTATCAACGGCAAAGGGAGGCGGTAACACCAATACT
CATCAATGAACAACAGGGAAAATGGAGTATTGAAGATAATCAGCCAGTGTAT
CGCATTACACTGGGTGGCAGTGAGAAGGATACCGTTGGAGTTTGCGTTGCAC
TGCCCCTGCACTGGGTCAAGGAACAGAGTCTCAAATTTTGCGCCCGCGGAAC
TCGCGTGGGGGAATTAGATTTACAATCTGCAGAGGCGAATGATATTGCCACA
AGAAATCTCGTTGTAGGAAAGGGTTAA 

 
Auxiliary cluster 2, MZO-2, immunity protein-encoding gene 

ATGTTAATTGATAAAGATGAGTTAGAGCAGTTAAAGGCAAATTTACACAGCA
GTGAGGTTTTGTATCAGTGGGAATGTGTGGCATTTTCAGAGCGACGAGGTGA
TATCGCTCGTTGGATTATTGCCGTCATTGCAGGCTTTTTGCTTCCCTCACTATT
TCTTGTGTTCGGGGATATTGCTTTTAACAGCACTGAGTTTTGGGGGTTTATCA
GCTTTGGCTTGGCGGGCATGTCGGCGGGAAGATATCTTTTGATGCCCGACCAC
CGTTATTGCTACAGTCTAACGCAAGCGGGGATTTATTATACCGACCAAGAAG
TGATCCCTGATGCGGCCTACACTTTTGTGCGTGGTTTTGCTTGGGTGGGGATT
GCGGTCTGTTTGCTAGCCTTAGCCGTCGTTGGCCCGTTAGCGTTTGTTGGTGC
AGGCGGTTTTGCCCTGCTGGCCTTTGGTTTGACTAACTTCCATCCCACCGTAC
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ATCAGAAAGATGTTTACTTTGCTGACCAATTGATCCTTTTTGATCCTATCAAA
GAAAAGATGGTGAAATTGAATTCCGAAAGCAGAAGACATCCTCGATTTAGTA
GAACACTTTTTTTTAGTTCATTTGATGAAAAAACACGTTTTATTGAGCTCGTG
AAGAGTATTCATATTAATGTCGACTATCTTCCGTTACAGCGAGTTAACGATCA
GTACAAGCATCCAATCTTTAATCAAGAATTAAAAGAGGAATAG 
 

Auxiliary cluster 2, C6706, effector-encoding gene 
ATGAGTAATCCCAATCAAGCTGCGAAAACAGGACAGACCAATGATGCGCAA
AATCCCGCCAGTGCATGTCCTTTTAAACAGCCGTTAATAGGGATAATTCCTGT
TCGTTACGCCTTTGATGTTTATGATGATCAAGGTCAAGCATTACATCCTTTAC
CCAAAGCGGATCGACAGTGGAAAGGTCAATTCTCTATCAAGCAGCGCAGTTA
CACTTTAAGGCAACTGCGTGATGGCTGGCTCTATGTCTATGATGAAACAGCA
AAAACACTGCACGAATATGAAGTCGTTGGCTGCAAGTTGACCAAAATTGATT
GGTCTGATGATGAGGCAAACAAACCCACTCACGAGCGCGGTTCGAAAGGTGA
AAGCAAAAGCTGTTTACTCTATCCCGCCCAGCACACGCTCTCTATCGGTTATG
CGCATCAACGATGGACGTGGCGAGTGTGTGAGCATATGCGCTCCAATACCAG
CAGCCGTCATGCTGTGATGCGTAAAGTGAGCCTTAAACAGTTTGAGTCCAAT
GGTACTCACCCTCATGCACATTTTGCTCAGTATCTTGAAGACTATGTGGCGGA
CATCGGGACGCCAGCTGAGCAGGATATTTTTAAAGATACCTGTACCCCTTCAT
TACCGGTAGAGAAAAGTGAAGAAGCGGTGAAAGGTACGGAATTCAAATTCG
TTGCCGACAAAGCGGTGGTAAGCAGCAGTGATTATTTGCAAGATTTGCCGGA
GCAAAACTGCGGTTTATTTGTGGCGCTGAATGACCCTTTAGCGGATGTGTCAG
ATTTATTTGTTACTTTTACTACCCAAGTGGCAAAGCGAACTAAAGCGATTGGT
GATGAAACGCAACAGCATAAAATGCAGATGGCAGAGCTGACACGCACATTA
GGCCGAATTCGTCTTGAAGAAAAAGAAATTCCCGATTTTGTAAAACAAGATC
CGATCCGTATTTTAGAGCTAGAAAGAGCCATTACTGAATATTGTGCTACGGC
AAAATTGGCCGAAATCGAATCTCATCATTTAGCCAGTGAAGGGCATTCCCCA
TCGGGAAACTATGCCTTGATGCAGCAGCAAGCGGAGCAGAAACTGGCGGAA
TTGAAAACACTCTATCGCTTTGAACCCACCAGTGCTCAGATGCGCAAGTGGC
GCAAAAAAGACAACAGCTTTATTGATGAAGTGCGTTGGGCGGATTTAGATAA
CTTTTTGGTGGAGCATTACACCGAGCTCAAAGGATTGGATGAACAGATTAAA
CAACACTATGCGCAGTTTATGTCTGCCTTCAACCAGCTCGGCCTTGACCCGCT
TCTGTTTGGTATGGATAACCAAGATGAGGTTCAGCAAGCGTATTTGTTAGCAT
TAACTAGCCAATTTTTAGTGGTGGTTACGCAAGTCAATCATGATGAAAAATC
GCTTGAGATCCTAAAAAAAGATCTCAGTTTTGATTCACCGAAAAACCTCATG
GCCCTCGCGTCAACAGGCTTTTCCCTGCAGGCAAATCAAGCCATTAACAACC
ATATCCAAGGGTTTAGCACCGCTTTTCTCTCTACAAGTAATCCTAGTGATATG
GTGGCGTTTGCGACCGCAATCGCTAACTGGGATACGTTCACGGGGGATGAAC
GTATTCAGGAGAAAGCATGGTTTAAGAGATGGATTGAACCCGTTCAATCGAG
TTTTGGTGCACTGCAAAAAGCGGTCGCCAATCAAGCCAAAGAGAGTTGGCAA
GCGGTGATGGAGTTGCTGTTTCCTTATCAGAATCAGCCCAAAGGAGGGACGC
CCAGTTTGTTGGCTAACCTTCGTTTACTGTTGGTGGAAAGCCTAGTTCGAGAA
GAGGCGGTGCTGCAACATAACCCCAAGTATGCGGCTGAGCTTAAGCAATTTG
AGACTAAGCTGAATGCCATTTTGCAAGAGATGAATGATGCTCTGGAACTCAA
ACCCGGTAATGTGAGCCCGAAAAACCATCAAATTGCGACCGCGCAATCCGCA
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CAACGTAAGCTAGGGCAATTACTCAGTAGTGAGCTGCCGATGATGCTGACGC
TCAAAAACCAAGCTGCGATGAACACTTTTCAGCAGTCGGTAAATGAGAAACT
GAGCGCGCTATCGAAAAACGTCAAAACCAGTAGCGCGTCGGTGAGTCAGAA
ACTGGGTGGATTAGGGGGCTTGCTGTTTGCGTTGAACCTATGGAATACCATG
ACGGTTTTGGAGAATATCCGCTATAAGGTCGCACAATACCCCAGTTGGAATC
CTTTTAAGAACCCGGCGTTGGGCGAAGCCATTTATGCCACTGGCAACACTATT
GTAGTCGCCGGTGCCATTAGTGCTGGGCGAGCTTGGGTGACGATTGCTGAGC
AAGGGTTGTTAGATCGTACACTGAAAAACGCCTTAAATACCACGAAAGTTTT
GGGCACAAAAGATGCCCTAAAAACCTTTGCTAAATCGATCGCCTTGGTGGCT
ACCGTGGGCATGATTGCCAGCGCATTAGAAACATGGGAAAGCTGGGGTAAGT
TTAATGACAGCAGTAAAACCGATCTTGAACGCTTCGGTTATTTGTTAAAAGCT
GGAGCAACGGGAGCACAGGGAATTATTTTTTATATTCAGTTTTTCACACTCTT
AGGTAGTGGAATTGGTGGACCCTCCATAGCTGCGATTTCTGCAGGTTGGATG
CTCGCCGGTTTTGCTGTGATTGGTATTGTCTATTTGATCGGGGTGATTTTGACC
AATGTGTTTAAACGCTCAGAGTTAGAAATTTGGTTATCAAAATCGACGTGGG
GGAAAGAGAGTGCTCATTGGCCAGTGGGCAAAGAATTGACCGAGTTAGAGC
ACCTTCTCCATCGTCCGAGTCTTCGGTTGAGTCAAGTTACGCAACGTAAAGCA
GCGCAATGGATGGATTCAGGTTCTTTACAATGGCAGTTGGAACTCACGTTACC
CGATTATCTTAAGGGGCAGACGATAGGCTTACAAATCACCCGTTTGCCAGCG
CAGCCGGCATATTATCAACCGCAAAGGGAGGCGGTAACACCAATACTCATCA
ATGAACAACAGGGCAAATGGAGTATTGAAGATAATCAGCCAGTGTATCGTAT
TACACTGGGTGGCAGTGAGAAGGATACTGTCGGAGTTTGCGTTGCACTGCCC
CTGCGTTGGGGCAAGGAGCTGAGCCTCAAATTCTATGCCAGTGGAACTCGCG
CGGGGGAATTGGATTTACAATCTGCAGAGGCGAATGATATTGCCACAAGAAA
TCTCGTTGTAGGAAAAGGTTAA 
 

Auxiliary cluster 2, C6706, immunity protein-encoding gene 
ATGTTAATTGATAAAAATGAGTTAGAGCAGTTAAAGGTAAAATTACACAGCA
GTGAGGTTATTTATCAATGGGATAGTGTGGCTTACGGAGAGAGAAGATCTGA
AATATTTCGCGTTTTTGGGGCAATCTCTGCTGGTATTGTTCCCCTTTGGCCATT
TATTTTTTTTGCAGATATTCAATTTAATAGTAAAGAGTTTTGGGGATTTATCTG
CTTTAGTCTGGCGGGCATGGCTGCTGCCAGATATCTTTTTATGCCCGACCACC
GTTATTGCTACAGTTTAACGCAAGCGGGGATTTATTATACGGATCAAGAAGT
GATCCCAGATGCGGCCTACACTTTTGTGCGTGGTTTTGCTTGGGTGGGGATTG
CGGTCTGTTTGTTAGCCTTAGCCGTCGTTGGCCCGTTAGCGTTTGTCGGTGCG
GGCGGTTTTGCCCTGCTGGCCTTTGGTTTGACCAACTTCCACCCCACCGTACA
TAAGAAAGAGGTTTACTTTGCTGACCAATTGATTGTTTTTGATCCCATCAAAG
AAAAGATGGTGGATTTAAATACAGATAGCACAGATGAACCATGGTTTGACAG
ACGGCTATTTTTTAGTTCACTTGATGAGAAGACGCATTTTATTGAGCTCGTGA
AGAGTATTCATAATAATGTCGACTATCTTCCGTTACAGCGAGTTAACGATCAG
TACAAGCATCCAATCTTTAATCAAGAATTAAAAGAGGAATAG 
 

Auxiliary cluster 1, Amazonia, effector protein encoding gene 
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ATGAGTAGCACAGGTGCCCATCCACATTGTCAACCTTGTGAGAATCTCAAAC
ATTGGATTGAAATTATTGTGCGGGATGAACATAACCAGCCCTTTGAAGGTGT
GAGTGGTGTTTTGATTGACGCAATGAAAAATAAGCATCCAATTGAACTTAAT
GCTTCACCTATCCTGATTGAAAATCTTGCGCCCGGTCCTGTTGAAATTGAGTT
GGATTACGATCAGTGGTTAAAAGCTGCGCAAGATAAAAGTCACCCAAGAAAT
GAAAAGAAAGCTAAACTGGTTGAAGAGTTTTCTAACAGTTACAGTGCCCACA
AGAGTGGCCCGCTGGTTTTTCAAGAAATTACGACGGGTGATTTGACCAAATT
ACCGAAAGAGATCGTATTGCCAACTAACCATCAAAAAGGCAAAGCCGGAAC
GTTAAAACTCTTTACAGATAAAACCTATATTCTTCAAGTCAGGGCATACAAGT
TTATTACTCTTCGAGTCGGAATGTTCTTTGATGGTACCGCTAACAATACCTAC
AGCGCCCAATGGGGAAAACAACAATTAGAAAATTATTATCGTAAATGGAAA
GCAAAGTACGATGCTGAATGCGAGATTAATTCAAAAAATAGTAATGGAACAA
AAAAAGAAGTTCCAATTACGGCACTTTCTAATGATTGTTTTACCTATCCGAAA
AAAGAAAATTTTATTCTCTCCTTATTTAAAAATGATGAAGGAGAAATGGAAA
CGGTTGCGGGTAGTGCAAGTAATGAATTAACCAATGTTCAAAAACTGTTCGA
TTTATATTCTCAAGACAAATTTTTTAAAGAAAAAAATATGTTTAGCCATGCTG
AGTATATCACTGGGATTGGTACGGGAAATAGCACTGCGATTGCTCCTGCAGA
TGAGTCGATCGTTGTCGGGCAAGGCTTAGGAATTGGTAAGTATGGAGTAACG
GCTAAAGTTACAACGGGAATTGAAGCTCTTTCTAAGAATATGGATAAAGTAG
CGACTATAGTCAAAGATGAACTCGGAATAAAAGCAGATGGAATCGAAAAGC
TTCAACTCGATGTGTTTGGGTTTAGTCGAGGAGCTGCCGCAGCAAGGCATTTT
GTGAATGTGGTGCTGGATGGTGAAAAGGGTGAATTTTCGACTACGTTTTCAA
AAGCATGTCAGGAAGCTAAATTTCCGCTAGTGTATGGTTTCGATTGGAATGA
ATCGAATGAATTAAAAGCCAATTGTGAAATTACCTTTGCTGGTTTGTTTGATA
CAGTGGCCTCAGTAGTCAATATTTTTTCTAAAAATTCCCCTTTGGGCCTAGAT
CTCAATACACACACGGATAATGGTGATGTAAGACTATGGATTGACCCTAGAC
GAGTCAGGCGTGCTGTACATTTAACTGCGGATCCGACCATTGAATGCCGAGA
TAACTTTAGTTTGAACCATCTTAATTCTACGGATGAAGAACATTTTCATGAAT
TTGTTTTGCCAGGCGCTCACTCAGATATTGGGGGCGGCTATCACTCTAGGCTC
AGTTTTGACAATCCAGACTATTTGTTACCTGTTTTAGAGAAGAAGCTTGTTAA
GCGTGTGAGTCGTACGTTTTCCGAACGCTGGGACGAAGAGAAAACTAAGCAG
TATGTGTTAAATGAGCTAGAAAAATATAAAGTACGAGATAGGCTTACGGGGT
GGAAAGAAGAGGATTACGTGATTGAACCGTTGGACATTCGCCAAGAAGGTA
AGAACGATGGTGGGCGAGTGACAGGCAAACTTTATATTCAACGTCAAGTAGA
AGGCGACCTCTCACGTTTATACTTACGTTTAATGTACGGTTTGGCAGAGTTTC
ATGGAGTTCCGATTTCAGATAATAATGCAAAATTATGGCAAGACCCTGAAAG
AGTAGATTATAACGTTGAGGATTATGGCGGTTTATTTACCGATCTTAATCAAA
AAATCTTAGAACTTGCTAAACATGGGGAATATTCAGCGTTGCAACAGAAACT
CTCAATCCCAGAACTAAAGGCAAGTTTCATGGAATTGAATCTCTTTCACCATT
CATCGGGGGATGATATTGGGATGTCACCACTCTGGGATGAAAGAGTTGGTTG
CTATAAAAGAGCAAGTTATTTTTGTGAGGAAGGCAAATGA 
 

Auxiliary cluster 1, Amazonia, immunity protein-encoding gene 
ATGAAAAAGACATTGGTAATTCTATCCCTATTTTTAGTAAATGCTTGCACGTC
TAATGCTGCATCAGTTCCTGGTGAGCCTTGGTATGTCGGTGTTACTATGCCTT
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CTTTTTATCCAGTACGAGTTACACAAGTTTATGGGGTAAATAATAAAGAGGA
TTGGACAGTCTTAATTCACAACTTTATGACATTTGTGAGTGATAGCGATGTTG
AGTATATACGTAATAGATTTCCAGACTATGACGGATTTGGTCTTCCACATGCA
TTAGGTATTACAAGCAGAAACCAAATTGGTACCGGAACCAATCACTTGCCTG
ACACACTCTATGTATATTGGGTTTCTTTATTCGACACTAAGTTTTATGTCACTA
AATATGATATTCCTGACAACGTAAAACAGTTGAGTGCGACAGAGGTCGGTTA
TACTCGAAGCGATGGTGAGTTCTTTGAATCTTGTTATCGTACTCGATTTGTCTT
TGGTCTTCTGCCTAATGGGCAAGCTAAGGTGTGGTTGAGTGGCTGTGGTGAG
ACTATTTATCTTACGGAGTTAGCTCCTGACGAAATACTTGATCGTGACAGTAA
TGGCGTTAAATTTGATTCTTATCGGAAATCTTCCTCTTTTGCTGATGTTCAGCA
ACGCGCTAAGGATGCAGGTGTTGAGCTAGAGCCTATCCCTTGGGATAAAGTG
AATAAAGTCTATTCCATCAATGAGATTAAAACGCTTGGTGAGTAA 

 
Auxiliary cluster 1, C6706, effector protein-encoding gene 

ATGGATTCATTTAATTATTGCGTGCAGTGTAACCCTGAGGAAAACTGGTTAGA
GCTAGAGTTTCGGAGTGAAAATGATGAACCGATAGATGGTTTGCTAGTTACG
ATTACGAACCAAAGTGCCCCCTCTAACACATACACGCAAACCACAAGTTCGG
GTAAGGTGTTGTTTGGCAAGATTGCGGCTGGGGAATGGCGTGCTTCTGTAAG
CCAAGCTTCTCTGTTAACTGAAGTCGAAAAATATGCCAGCCGTAAAGAGGGA
CAAGAGTCGCCAGTGAAAAAACGAGCTGCGGCAGAACTTGACGCCGCAGAT
AAAGATACGAAGCAGTACCGCTTTACCACTATTGGTGATTTCTGGGATGAAG
CACCAAAAGATGAGTTTTTACAAAAGCAGCATAAAGGGATAGATGTCAATGC
TTCTGCTGAGAAAGCAGGGTTTAGACTCAGTCATAACCAGACCTATGTTTTTG
AAATCAAAGCACTACGTAGCTATATGCCAGTGATTATTGATACCGATGAATTT
AACTTGGTGAATAGTTATACCTTTGCGTTGTTGTCGAAATTAGCTTATGCGAC
TAACGATTTTAATAGGGATGATGGTAAGACAATAGATAATCAGGGAGCAATT
AGCACGGTTATTTCTCAATTGAAGCGTAAAGAAAGACCGACTTATTCTGGAG
ATTTACAAGCAAAGTGGTTATTAGAGGAAATTCCATATAGCAAAGCGTTAAG
TGCCCAATATTATGCTGAGGATGATGTCGGTAGTGAAGGTTACATCATCTTTA
ACGATGAATTGGCGATTATAGGTGTGAGAGGTACAGAGCCTTATTTTCAGAG
TAAGAAACCACCTGTTGATAACACTAAATTTAAAATTATAAAAGCGGCTTCA
GGTATGGCGGCTGTGATTGCGGATAAGATAGAAAGTGCTACCGATTCACCAG
GAATGAAAGACCTTATTATAACAGACCTTGATGCTGCGCAAATCGCCCCCGA
AGAGTTTGGTGGAACATATGTTCATCGGGGGTTTTACCAATATACGATGGCTT
TGTTATCTTTGATGGAGAAAGATCTAGGGCTACATAAAATAAAAAAATTCTA
TTGTTGTGGCCATAGCTTAGGGGGCGCTGGTGCATTACTTATAAGTGCATTGA
TTAAAGATAGCTATCATCCTCCAGTATTGCGTTTATATACATATGGAATGCCA
CGAGTGGGAACTCGCAGTTTTGTAGAGCGCTATCAAAATATTTTGCATTACCG
TCATGTTAATAATCACGATTTGGTGCCACAGATACCAACAGTATGGATGAAC
ACAGATGTATCTGAAGGATTCCATGTACTTGATGTATTTAAAAGCCGTGTTGA
TCTGATGAGAAAAATGCTCACTGATGATGATGATGACAATTATCAACACCAT
GGTCATTTGTCTCAGTTACTAACTTATAATTCAAATAACCAAGTCTTACTGAC
ACCCAAACAAACTCAAGTCACTATGCTAGACCTAGCAAATTTAGCCACTAAT
GATTCTGTTGCTATGGTAGATGGTTTATCAGATGCCTCAATAGTAGAGCATGG
AATGGAGCAGTATATACCCAATTTATTTGAGCAGTTAACAGCACTAAGTGAT
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GAAAGTTTAATGGTGCATTATCAACGAGCGATTTCAGCCTTAGAGCAGGAAA
TTGCTACGTTGCAACAAAGTTATCTTACAGTTAAACAAGCTTGGATTGAATCT
ATAGGAAATGGCACGCCGACTATGAATATCGGACGTTTGATGAGTGAAATGC
ATTCTATAAATAAATTAATAGAGAACCGTAATAAAATTAGAGGTGAGCTAAG
GCAGATAGTCTCTGATCCTCAGCGTATGCCTGCAACTAAATTTTTAATTTCAC
AGCAAACCTTACCAGATGAAATCAAGGTGCAAATAAGATGA 

 
Auxiliary cluster 1, C6706, immunity protein-encoding gene 

ATGAAGTTATTGAATAATCTTGCAATAAAAAAGCTAATCTCAGTTGTTGTACT
ATTCATTGCATTATTTTTTCTTGGGTATGACTATTACCAGACTTCTCAACCTAA
TATTTGGGGTGATGAACCTGATGAGTCCTATATTACTATATCAGGCAAAAAG
CCTATAGATGCTTATTTAGAAGTGTGGACTCATTTTTGGGTGACAGGAGATGA
GTGTGAAGCTTATTCCTACGATTTATTTGGTCAAAAAGCCCATCAAGGAGGA
AAAATAAGCCAGAAGATTACGCATGATTTTGCTAAAGATGGTTCAAATTTTG
AATTTAGAATTCCTTACCAAACGTATAAGAACTCACAAAATTGTATAGTGGA
ATTAAGAGACTTTTCCATACAAGCTCATAATGATTTTGATACCGTAGGTTTTG
CTCAGTTGCGATTTTCTCCAGCAGGCAGAGAATATTACAATCGAGAGGTTGA
TCTAAACTCATTGATTACAGCAGATAATTGCAATAGTGATATATTTAAAAGTA
TAAGAAAAGAGTGGGCAGGAGCCATTGGTTGTCATTTTTATGTCGATGGAAA
GAAAAAGACTAAAGATGAAGAATTCAACGCTTACACCATCTACTACGATTTT
TCGAAATTCAATAATGACACCGTGATTCATTACGATATTTTAGCCGGTGAAAA
CTATCGGTCAGAGCCTTTGTCCTCAGCTCAAAAGACAGCAGTGGTATCTGATG
ATAATTAA 
 

Auxiliary cluster 1, NIH41, effector-encoding gene 
ATGGATTCATTTAATTATTGCGTGCAGTGTAACCCTGAGGAAAACTGGTTAGA
GCTAGAGTTTCGGAGTGAAAATGATGAACCGATAGATGGTTTGCTAGTTACG
ATTACGAACCAAAGTGCCCCCTCTAACACATACACGCAAACCACAAGTTCGG
GTAAGGTGTTGTTTGGCAAGATTGCGGCTGGGGAATGGCGTGCTTCTGTAAG
CCAAGCTTCTCTGTTAACTGAAGTCGAAAAATATGCCAGCCGTAAAGAGGGA
CAAGAGTCGCCAGTGAAAAAACGAGCTGCGGCAGAACTTGACGCCGCAGAT
AAAGATACGAAGCAGTACCGCTTTACCACTATTGGTGATTTCTGGGATGAAG
CACCAAAAGATGAGTTTTTACAAAAGCAGCATAAAGGGATAGATGTCAATGC
TTCTGCTGAGAAAGCAGGGTTTAGACTCAGTCATAACCAGACCTATGTTTTTG
AAATCAAAGCACTACGTAGCTATATGCCAGTGATTATTGATACCGATGAATTT
AACTTGGTGAATAGTTATACCTTTGCGTTGTTGTCGAAATTAGCTTATGCGAC
TAACGATTTTAATAGGGATGATGGTAAGACAATAGATAATCAGGGAGCAATT
AGCACGGTTATTTCTCAATTGAAGCGTAAAGAAAGACCGACTTATTCTGGAG
ATTTACAAGCAAAGTGGTTATTAGAGGAAATTCCATATAGCAAAGCGTTAAG
TGCCCAATATTATGCTGAGGATGATGTCGGTAGTGAAGGTTACATCATCTTTA
ACGATGAATTGGCGATTATAGGTGTGAGAGGTACAGAGCCTTATTTTCAGAG
TAAGAAACCACCTGTTGATAACACTAAATTTAAAATTATAAAAGCGGCTTCA
GGTATGGCGGCTGTGATTGCGGATAAGATAGAAAGTGCTACCGATTCACCAG
GAATGAAAGACCTTATTATAACAGACCTTGATGCTGCGCAAATCGCCCCCGA
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AGAGTTTGGTGGAACATATGTTCATCGGGGGTTTTACCAATATACGATGGCTT
TGTTATCTTTGATGGAGAAAGATCTAGGGCTACATAAAATAAAAAAATTCTA
TTGTTGTGGCCATAGCTTAGGGGGCGCTGGTGCATTACTTATAAGTGCATTGA
TTAAAGATAGCTATCATCCTCCAGTATTGCGTTTATATACATATGGAATGCCA
CGAGTGGGAACTCGCAGTTTTGTAGAGCGCTATCAAAATATTTTGCATTACCG
TCATGTTAATAATCACGATTTGGTGCCACAGATACCAACAGTATGGATGAAC
ACAGATGTATCTGAAGGATTCCATGTACTTGATGTATTTAAAAGCCGTGTTGA
TCTGATGAGAAAAATGCTCACTGATGATGATGATGACAATTATCAACACCAT
GGTCATTTGTCTCAGTTACTAACTTATAATTCAAATAACCAAGTCTTACTGAC
ACCCAAACAAACTCAAGTCACTATGCTAGACCTAGCAAATTTAGCCACTAAT
GATTCTGTTGCTATGGTAGATGGTTTATCAGATGCCTCAATAGTAGAGCATGG
AATGGAGCAGTATATACCCAATTTATTTGAGCAGTTAACAGCACTAAGTGAT
GAAAGTTTAATGGTGCATTATCAACGAGCGATTTCAGCCTTAGAGCAGGAAA
TTGCTACGTTGCAACAAAGTTATCTTACAGTTAAACAAGCTTGGATTGAATCT
ATAGGAAATGGCACGCCGACTATGAATATCGGACGTTTGATGAGTGAAATGC
ATTCTATAAATAAATTAATAGAGAACCGTAATAAAATTAGAGGTGAGCTAAG
GCAGATAGTCTCTGATCCTCAGCGTATGCCTGCAACTAAATTTTTAATTTCAC
AGCAAACCTTACCAGATGAAATCAAGGTGCAAATAAGATGA 
 

 

  



259 
 

 

 

 

 

 

 

 

 

 

Appendix A 

 
 

 
 

 
 

 
 

 
 
 

 
 

Portions of this chapter have been published in 
Brooks, T.M., Unterweger, D., Bachmann, V., Kostiuk, B., and Pukatzki, S. (2013). Lytic 
activity of the Vibrio cholerae type VI secretion toxin VgrG-3 is inhibited by the 
antitoxin TsaB. The Journal of Biological Chemistry 288, 7618-7625. 

The animal experiment shown in Figure 9-8 was performed with Verena Bachmann and 
Ben Kostiuk.   
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Figure 9-1 Lack of VgrG-3 results in less Hcp secretion of V. cholerae strain V52. 
Mid-logarithmic cultures were pelleted and the supernatant TCA precipitated for 
immunoblot analysis. Samples were adjusted for cell density and blotted for DnaK 
(loading and lysis control) and Hcp. Adapted from (Brooks et al., 2013). This research 
was originally published in The Journal of Biological Chemistry. © The American 
Society for Biochemistry and Molecular Biology. 
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Figure 9-2 Overview over characterized and putative T6SS effector modules 
The presence and absence of the ACD, the effector module containing tseH/tsiH and the 
presence of the genes VCA0105 and VCA0106 were added to the graph shown in chapter 
4. Parts of this figure are adapted from (Unterweger et al., 2014). 
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Figure 9-3 VCA0105 and VCA0106 are conserved among V.cholerae strains 

(A) Alignment of the nucleotide sequences of VCA0105 and VCA0106 and surrounding 
regions of 34 V. cholerae strains. The identity among the sequences is shown as bar 
graph, green bars indicate 100% identity, yellow bars 30-99% identity and red bars less 
than 30% identity at the indicated positions. The GC content is indicated below a 
graphical depiction of the open reading frames located at this site. (B) Feature of the 
proteins encoded in the indicated genes based on a BLAST search. 
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Figure 9-4 VCA0105 and VCA0106 are present or absent among V. cholerae strains 

(A) Graphical depiction of tseH (VCA0285), tsiH (VCA0286) and the surrounding genes. 
The average GC content over the indicated regions is shown. (B) Annotation and features 
of six genes with the indicated locus tags. Features were retrieved from BLAST. (C) 
Graphical depiction of the genes shown in (A). The nucleotide sequences over this region 
were aligned using the MAUVE algorithm. The presence of VCA0281-VCA0286 is 
indicated by grey boxes, the absence by a grey line. 
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Figure 9-5 AM-19226 contains a unique insertion of 43 genes upstream of tseH 
(A) Alignment of the nucleotide sequences of AM-19226 and DL4211 using the 
MAUVE algorithm. Graphical depticion of the open reading frames encoded over the 
indicated region in the genome of the strain AM-19226. For comparison, the open 
reading frames of AM-19226 and N16961 are indicated below. The genes encoding the 
PAAR domain protein, TseH and TsiH are indicated with “T6SS” below the ORFs of 
N16961. Genes unique to AM-19226 are coloured in blue. Genes that are found in AM-
19226 and N16961 but not DL4211 are coloured in yellow. (B) Insertion of genes in AM-
19226 is likely derived from a phage. Annotation and feature of the protein encoded in 
the indicated genes were retrieved from BLAST. 
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Figure 9-6 Indications for an orphan immunity protein encoded in a gene in auxiliary 
cluster 1 

(A) Cartoon of auxiliary cluster 1 of the strains V52 and AM-19226. The gene name is 
indicated below, the locus tag on top of the depicted open-reading frames. The locus tag 
VCV52_1394 corresponds to VC1420 in the strain N16961. The effector modules of the 
three genes encoding adaptor, effector, immunity protein are highlighted in the same 
colour. VCV52_1394 and A33_1347 are depicted in similar but not identical colour 
because, as shown in B, they are homologues but not identical. (B) MUSCLE alignment 
of the indicated nucleotide sequences. Percent identity over the indicated length is shown 
below. (C) MUSCLE alignment of the indicated amino acid sequences. Percent identity 
over the indicated length is shown below. 
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Figure 9-7 Homo- and heterodimers of Tap-1. 
Tap-1 from V52, AM-19226 and 1587 form homodimers (top left). If two Tap-1 proteins 
from different strains share at least one of the two domains in common, they form 
heterodimers (right column). Results of the bacterial adenylate cyclase two-hybrid 
(BACTH) assay are shown. E. coli strain BTH101 was transformed with the plasmids 
indicated in the top row. Plasmid pKT expresses Tap-1 from the indicated strains with a 
N-terminal translational fusion to the T25 fragment of the adenylate cyclase. Plasmid 
pUT expresses Tap-1 from the indicated strains with a C-terminal translational fusion to 
the T18 fragment of the adenylate cyclase. Increasing levels of cAMP drive the 
expression of lacZ. Overnight cultures were spotted onto LB plates supplemented with X-
Gal (40!g/ml), kanamycin (50!g/ml), ampicillin (100!g/ml), 0.5mM IPTG, and 
incubated at 30ºC. All spots were incubated on the same plate and the circles were cut out 
of one picture of the whole plate for clarity. One representative experiment of three 
experiments, each performed in triplicates, is shown. 
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Figure 9-8 Wild-type C6706 outcompetes C6706!tsiV1!tsiV2!tsiV3 (C6706!3I) under 
conditions that activate the T6SS  

Competition experiments of the indicated strains in liquid culture in vitro or in the infant 
mouse in vivo suggest a competitive advantage of wild-type C6706 over C6706!3I under 
conditions that activate the T6SS. The competitive index was determined by dividing the 
ratio of the two strains after co-incubation, by the ratio of the two strains prior to co-
incubation. (A) For the in vitro analysis, V. cholerae C6706 was mixed with the indicated 
mutant at a ratio 1:1 and incubated over night in LB broth on the roller drum at 37°C 
(Taylor et al., 1987). (B)  For the in vivo analysis, the same strains were mixed and 
administered orally to infant mice (Ma and Mekalanos, 2010). Mice were kept over night 
at 30°C and sacrificed the following day. The distal 1cm piece of the small intestine was 
homogenized, serially diluted and plated on LB plates containing Streptomycin and X-
gal. Blue and white colonies were enumerated. A two-tailed student’s t-test was 
performed to determine statistical significance (** p<0.005). Each dot represents one 
mouse.  
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The herein described screen has been performed together with Nicole Acosta from the 
laboratory of Tracy Raivio (Department of Biological Sciences, University of Alberta). 
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10 Appendix B: Keio screen for E. coli mutants resistant to T6SS-mediated killing 

10.1  Introduction 

V. cholerae uses its T6SS to kill bacteria of the same and other species 

(MacIntyre et al., 2010; Unterweger et al., 2012). E. coli is among the bacterial species 

that are killed by V. cholerae in a T6SS-dependent manner. When a mixture of 108 O37 

serogroup strain V. cholerae V52 and 107 E. coli MG1655 was incubated for four hours 

at 37 ºC on a LB agar plate, only 1,000 E. coli survivors were recovered (MacIntyre et 

al., 2010). No killing was observed and ~ 108 survivors were recovered in a mixture of 

108 V52!vasK with a dysfunctional T6SS and 107 E. coli MG1655 incubated for four 

hours at 37 ºC on a LB agar plate (MacIntyre et al., 2010). These experiments indicated 

that V. cholerae V52 reduces the number of E. coli MG1655 during a four-hour long 

incubation on an LB agar plate by 100,000 fold (MacIntyre et al., 2010) and that V. 

cholerae V52 lacking vasK does not kill E. coli. When we conducted this screen in 2010, 

the molecular mechanism by which V. cholerae attacks E. coli and the factors E. coli 

succumbs to were unknown. Stefan Pukatzki, Tracy Raivio, Nicole Acosta, and I set out 

to advance our understanding of T6SS-mediated killing of E. coli by identifying E. coli 

mutants that are resistant to a T6SS-mediated attack. The Keio collection consists of 3985 

nonredundant, in-frame deletion mutants of nonessential genes in E. coli K-12 BW25113 

(Baba et al., 2006). This collection provides a powerful tool to look for E. coli mutants 

resistant to a T6SS-mediated attack. 

 

10.2 Results 

T6SS-mediated killing of E. coli is analyzed in the lab in killing assays in which 

V. cholerae and E. coli are mixed at a 10:1 ratio, spotted onto an LB agar plate, incubated 

at 37 ºC for four hours, scraped off the agar plate, serially diluted, and plated onto LB 

plates supplemented with antibiotics to separately determine the CFU of V. cholerae and 

E. coli after coincubation on LB agar. This experimental setup was not feasible to use for 

a screen of 3985 E. coli mutants for resistance against T6SS-mediated killing. Therefore, 

we developed a modified protocol of the killing assay based on 96 well plates that is 

described in detail in the following paragraph. 
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In the high-throughput screen, V. cholerae V52 and the E. coli mutants were 

grown overnight in liquid in a 96 well plate on a shaker at 37 ºC. The next day, the 

cultures were diluted 1/100 and grown to an OD (600 nm) of 0.5. Each E. coli mutant 

was then mixed with V52 at a ratio 1:1. 2 'l of these mixed cultures were spotted into a 

96 well plate filled with 150 'l of LB agar per each well. These 96 well plates were 

incubated for four hours at 37 ºC standing. After the incubation time, the bacteria were 

washed off the agar and transferred to a new 96 well plate filled with LB supplemented 

with kanamycin, to which E. coli is resistant and V. cholerae is sensitive. The OD (600 

nm) of the cultures in the 96 well plate was determined before the plate was incubated for 

six hours at 37 ºC shaking. After this incubation period, the ODs at 600 nm of the 

cultures in the 96 well-plate were determined again. The OD600 value determined before 

the 6 hour long incubation time (t0) was subtracted from the OD600-value determined 

after the 6 hour long incubation time (t6). E. coli mutants resistant to a T6SS-mediated 

attack were expected to grow during the six hours whereas E. coli mutants sensitive to a 

T6SS-mediated attack were expected to show only minimal growth during the six hours. 

After completing the screen, the data were analyzed to identify resistant Keio mutants. 

No mutants could be detected that were resistant to a T6SS-mediated attack of V52 

(Table 2). From today’s perspective, this result can be explained in multiple ways. One 

reason for the inability to detect a single mutant resistant to the T6SS could be the T6SS-

mediated secretion of multiple effectors TseL, VasX, VgrG-3, and TseH with different 

antiprokaryotic activities such as lipase activity, pore-formation, and peptidoglycan-

degradation (Brooks et al., 2013; Dong et al., 2013; Miyata et al., 2013). Even if a single 

mutant was resistant to TseL, for example, the other three effectors VasX, VgrG-3, and 

TseH would still be deadly for the E. coli mutant. Another reason for the inability to 

identify a resistant mutant might be the independence of T6SS effector activity on target 

cell proteins. VasX is a very powerful antiprokaryotic effector (Miyata et al., 2013) and 

no protein of the target cell has yet been identified that VasX depends on to insert itself 

into the inner membrane and disrupt the membrane potential. Therefore, a single gene 

deletion mutant deficient in any nonessential gene in E. coli will likely still get killed by 

the effector VasX. 
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Table 2 Results of the Keio screen. 
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10.3 Discussion 

We screened the Keio collection of 3985 E. coli mutants with in frame deletions 

of nonessential genes to identify mutants resistant to a T6SS-mediated attack of V. 

cholerae V52. Whereas the focus of our screen was to identify resistant E. coli mutants, 

Tao Dong performed an RNA-Seq analysis on E. coli exposed to a T6SS-mediated attack 

of V. cholerae and subsequently identified E. coli mutants that are becoming more 

sensitive to T6SS-mediated killing of V. cholerae (Dong et al., 2015). E. coli deficient in 

soxS and soxR, were killed 3 fold more upon a T6SS-mediated attack of V. cholerae than 

an E. coli mutant with a mutation unrelated to the oxidative stress response (Dong et al., 

2015). SoxR and SoxS respond to radical oxygen species initiated by contact-dependent 

and contact-independent perturbations of the outer membrane and induce the redox stress 

response (Dong et al., 2015). We did not detect a hypersensitivity of soxR and soxS-

deficient mutants in our screen (Table 2). I can imagine two reasons why we did not 

identify these mutants in our screen. One is that our screen was optimized to detect 

resistant and not sensitive mutants. Second, differences in killing as small as 3 fold can 

be detected in the experimental set up of a killing assay in which the CFUs are 

enumerated after serial dilution of the surviving bacteria, but might not be detected in the 

experimental setup of a high-throughput screen in which the OD of surviving E.coli 

mutants after exposure to V. cholerae was analyzed.  

Here, I discuss the implications of the lack of a resistant E. coli mutant on the 

development of therapeutic strategies that target the T6SS. Antibiotics form the basis for 

many clinical applications such as surgery to prevent and treat bacterial infections 

(Mertens et al., 1989). An increasing number of bacteria resistant to antibiotics challenge 

human health (WHO, 2014b). New therapeutic targets and strategies are needed to 

combat bacterial infections. The T6SS might be a promising new target for a new 

treatment strategy (S. Pukatzki, unpublished). Compared to targeting house-keeping 

functions of bacteria such as protein or peptidoglycan synthesis, targeting the T6SS might 

raise the low numbers of resistance toward the antibacterial agent (S. Pukatzki, 

unpublished). Antimicrobial agents that target house-keeping functions provide a high 

selection pressure on bacterial populations. In contrast, the T6SS might only temporarily 

be exposed to a selection pressure that selects for resistance because the T6SS of 
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pandemic V. cholerae strains is not essential for survival and is activated only under 

specific conditions (e.g., upon induction by mucin) (S. Pukatzki, unpublished). 

Experiments in which the occurrence of antimicrobial resistance upon the targeting of 

house-keeping functions or the T6SS are required to test this concept. The observation 

that the lack of a single nonessential gene does not render E. coli resistant to a T6SS-

mediated attack raises the question of whether the T6SS itself could be used as a 

therapeutic antimicrobial agent. Among the bacteria that are sensitive to T6SS-mediated 

killing by V. cholerae are pathogens such as Salmonella, enterhaemorrhagic E. coli, and 

enteropathogenic E. coli (MacIntyre et al., 2010). Further studies are needed to create a 

T6SS-positive bacterium that is not harmful to the human host but would specifically 

target a pathogen such as Salmonella and could be used to treat a Salmonella infection. 

Similar to E. coli exposed to the T6SS of V. cholerae in our Keio screen, Salmonella 

would be exposed to multiple T6SS effectors with different antiprokaryotic activities that 

clear a Salmonella infection without giving Salmonella the chance to become resistant 

based on modifications of a single, nonessential gene. 
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